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ABSTRACT OF THE DISSERTATION
Lignin Conversion to Value-added Products via Heterogeneous Catalysts
by
Yu Gao
Doctor of Philosophy in Energy, Environmental & Chemical Engineering
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Assistant Professor Marcus B. Foston, Chair

Increasing world population has led to great demands for fuels, chemicals, and materials,
and has raised concerns over the depletion of non-renewable resources and the environmental
impacts of their processing and utilization. However, the biorefinery concept suggests
lignocellulosic biomass can be used as an alternative resource for producing a range of fuels,
chemicals and materials to fulfill these demands in a sustainable way. Hence, fermentation
technologies are widely developed to efficiently utilize lignocellulosic carbohydrates.
However, the non-carbohydrate fraction of biomass, lignin, is still considered as waste and is
under-utilized as low-grade fuel, mainly for local heat and electricity production. Since lignin
comprises 30% of the total carbon in lignocellulosic biomass, the under-utilization of lignin
violates a major goal of the biorefinery concept: to efficiently convert the renewable carbon
and energy stored in biomass into a range of products with higher value. Meanwhile, the
aromatic structure of lignin suggests that selective deconstruction of lignin has great potential
in generating fuels and platform chemicals. However, the conversion of lignin into economical
transportation fuels and value-added chemicals is currently limited by the insufficient

xv

development of conversion technologies. Thus, this dissertation presents four research studies
focused on understanding the lignin phenomena required for its selective deconstruction into
a narrow distribution of desired value-added products. (Study 1) The structural complexity of
lignin makes typical reaction network and kinetic analysis difficult. Thus, using lignin model
polymers, this study focuses on understanding the reaction network and kinetics involved in
the cleavage of aryl ether linkages (β-O-4) in a polymer via copper porous metal oxides
(CuPMO) catalyst in methanol (MeOH). (Study 2) CuPMO catalyzes not only cleavage of aryl
ether linkages but also the undesired reduction of aromatic rings. This study focuses on
understanding reaction networks that prevent reduction of aromatic rings upon the addition of
dimethyl carbonate (DMC) to the lignin depolymerization reaction with CuPMO in MeOH.
(Study 3) Instead of using lignin model polymers, another approach to resolve reaction
networks and kinetics for lignin is to develop novel methods of analyzing lignin product
distributions. This study applies positive matrix factorization (PMF) analysis to gas
chromatography-mass spectrometry (GC-MS) data obtained on low molecular weight products
in an effort to simplify the analysis of lignin depolymerization. (Study 4) This study exploits
in-situ magic angle spinning (MAS) solid-state nuclear magnetic resonance (ssNMR), a novel
technique to monitor the depolymerization network and kinetics of lignin. Studies in this
dissertation demonstrate that CuPMO catalyst can effectively convert lignin into value-added
phenolic products. Moreover, with the addition of DMC, the aromaticity of lignin-derived
products can be enhanced by stabilizing phenolic intermediates against further hydrogenation.
In addition, this dissertation also illustrates the application of novel techniques to characterize
lignin during depolymerization and lignin-derived products after depolymerization. First, PMF
analysis is shown to provide valuable structural information on a large number of lignin

xvi

depolymerization products generated under different conditions. Then, in-situ MAS ssNMR is
used to obtain a better understanding of the depolymerization reaction network and kinetics of
lignin. Lastly, a future perspective is presented, detailing the probable next stage of study in
the conversion of lignin into desired chemicals.

xvii
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Chapter 1: Introduction

This chapter was partially adapted from the following publication:
Y. Gao, M. Beganovic and M. B. Foston, in Valorization of Lignocellulosic Biomass in a
Biorefinery: From Logistics to Environmental and Performance Impact, eds. R. Kumar, S. Singh
and V. Balan, Nova Science Publishers, Inc., USA, 2016, ch. 8, pp. pp. 245-292.

1

1.1

Overview

One of the great challenges of the 21st century is the development of sustainable technologies
that can accommodate increasing worldwide demand for fuels, chemicals, and materials. As the
world’s population increases and the quality of life improves, the global demand for fuels,
chemicals, and materials is projected to increase 50% by the year 2025.4 Currently, the world’s
energy and material supply mainly is derived from non-renewable, fossil resources1 that are finite.
More importantly, their processing and consumption greatly affects the environment,5-9 such as air
and water pollution. Emissions, such as greenhouse gases, soot, and ash, resulting from fossil
resource utilization can cause issues related to poor human health outcomes and negative
environment impacts (e.g., global warming and acid rain.). Many estimates suggest irreparable
damage to the climate can occur due to the release of carbon in the form of CO2 and CH4 that was
once sequestered in the earth as coal, petroleum, and natural gas.3,11,12 One recently developed
concept, the biorefinery, has been considered as a promising direction for reliable energy, chemical,
and material production from renewable and sustainable resources.
The biorefinery concept is analogous to current petroleum refineries, generating a wide-range
of products by processing plant biomass as feedstock. In a biorefinery, atmospheric CO2, fixed by
plants through photosynthesis can be efficiently converted to fuels and chemicals, thus establishing
a sustainable carbon recycling pathway. Currently, bio-based ethanol has been introduced on a
demonstration scale in several countries.13 Even though bio-ethanol can be produced at
competitive prices, much of this production relies on raw materials like corn, sugar cane, or sugar
beets. There are limits to the use of such feedstocks, because large-scale conversion can threaten
food supplies and biodiversity.13 Hence, efforts have shifted towards production of second
generation biofuels obtained from abundant and relatively cheap lignocellulose feedstock, such as
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agricultural and forest residues.11,12 Lignocellulosic biomass is mainly comprised of cellulose,
hemicellulose, and lignin. The biorefinery concept ideally requires the efficient utilization of all
three of these lignocellulosic cell wall components to increase product diversity, value, and yield.
Most biorefinery schemes emphasize fermentation of sugars derived from cellulose and
hemicellulose to generate fuels and chemicals; however, under this scheme lignin remains
relatively underutilized.14,15
1.2

Motivation

Lignin, the second most abundant terrestrial polymer after cellulose, constitutes approximately
15-30% of the dry weight of lignocellulosic materials. Currently, lignin is considered as waste.
However, lignin is a very abundant and potentially useful renewable resource. There are
approximately 3×1011 metric tons of lignin on the planet, and lignin is biosynthesized at an annual
rate of approximately 2×1010 metric tons.16 Each year, approximately 4×107 to 5×107 metric tons
of lignin are generated worldwide as industrial waste, mainly as a result of paper manufacturing
and bio-ethanol production.17,18 Moreover, as the bio-economy grows and second generation
biofuel production increases, even more lignin will be available in the future. For example, in the
US, annual lignin production only from commercial bio-ethanol biorefineries (14 billion gal/year)
is projected to be about 5×107 metric tons by 2022. According to the biorefinery concept,
economical biomass processing and large-scale biofuel production, rely of the efficiently
converting lignin into valuable products.
Due to the complex and heterogeneous nature of lignin, it is extremely challenging to
depolymerize or deconstruct in a controlled fashion to generate valuable products. Most lignin is
currently used in low value commercial applications, for example, as a low-grade fuel that provides
on-site process heat and power generation. Lignosulfonates, byproducts from the production of
3

wood pulp using sulfite pulping, have been used as road binders, soil neutralizers, and drilling mud
viscosity control agents. However, the abundant aromatic substructures that comprise lignin
molecular structure are similar to many value-added chemicals derived from petroleum. The
natural abundance, high carbon-to-oxygen ratio (i.e., compared to cell wall carbohydrates), high
energy density, and aromatic substructure of lignin make it a highly attractive potential source for
the production of diverse types of renewable fuels, chemicals, and materials.26
In addition, the low product yields (~1 %) of aromatics from crude oil,27 which serve as platform
chemicals for many industrial compound synthesis, causes aromatics worth doubled market price
than gasoline and the oxidized aromatics (e.g. phenol) worth four times of the price of gasoline.28
More importantly, more than 98% of current petroleum refinery for phenol production involves
the cumene-hydroperoxide process which leads to one of the highest greenhouse gas emissions
(5.8 kg of CO2 per kg phenol). In comparison, a life cycle analysis estimates that the production
of phenol from poplar-derived lignin would product significant less CO2 (3.4 kg of CO2 per kg
phenol) emission.

29-31

Thus, the efficient conversion of lignin, as an alternative route to produce

aromatics and phenolics, not only will better fulfill the large demands on chemicals, but also is
necessary to minimize the environmental impacts from processing and utilizing conventional
energy source.
Lignin can easily be depolymerized into a liquid product using thermal deconstruction
technologies such as pyrolysis. However, these thermal technologies have various limitations that
reduce the efficiency of lignin conversion to desired products. Instead of producing specific types
of aromatic and phenolic products, thermal deconstructed lignin-derived products contain a wide
distribution of hundreds of different compounds due to uncontrolled secondary and side reaction
that are promoted at high reaction temperature. The product generated can be categorized as a
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mixture of acids, alcohols, ethers, ketones, aldehydes, phenolics, and esters. This wide distribution
of compounds makes the separation of a single type of products economically impractical to
achieve for chemical production. Hence, selective cleavage of aryl ether (C-O) linkages, which
comprise > 50% of total linkages in lignin,15,32,33 via hydrogenolysis by using a heterogeneous
catalyst can potentially narrow the product stream of lignin deconstruction with mainly aromatic
and phenolic products. Nevertheless, the hydrogenolysis is always accompanied by hydrogenation,
which is considered as an undesired reaction in this case, because it can further reduce the aromatic
rings to aliphatic products with lower market values. Hence, achieving an effective control the
lignin deconstruction via hydrogenolysis with suppression of unwanted hydrogenation will
improve economic viability of using lignin as renewable source for chemical production.
1.3

Lignin

1.3.1 What is lignin?
In plants, lignin is synthesized as a major secondary cell wall component, providing structural
integrity, facilitating vascular water transport, and protecting the plant from pathogens. Lignin
contributes to the stiffness and hydrophobicity of xylem cell walls, which allows the xylem to
resist the compressive stresses caused by water transport and to support the mass of the plant
itself.32 Lignin content, composition, and distribution are critical factors affecting the growth and
development of plants. While the inherent recalcitrance, rigidity, and insolubility of lignin make it
naturally resistant to biologically or environmentally mediated degradation (advantageous
properties for the plant), those same properties also make lignin difficult and expensive to
industrially convert into value-added products.15 In addition, the molecular structure of lignin is
comprised of randomly positioned phenolic subunits and subunit linkages. This structural
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heterogeneity can lead to a wide distribution of deconstruction products, making the conversion
and purification of desired products from lignin even more challenging.
1.3.2 Lignin structure
Lignin is described as a random, racemic, and three-dimensional network polymer comprised
of variously linked hydroxycinnamyl alcohol monomers or monolignols, differing mainly in their
degree of methoxylation (e.g., coniferyl, sinapyl, and p-coumaryl alcohol) as shown in Figure 1-1.
Lignification of the plant cell wall is mediated through radical coupling reactions. Following the
transport of monolignols into the plant cell wall, enzymes (e.g., peroxidases, laccases, polyphenol
oxidases, and coniferyl alcohol oxidases) catalyze dehydrogenation of phenolic moieties to
generate monolignol radicals. These relatively stable monolignol radicals undergo radicalcoupling reactions in a combinatorial fashion to polymerize a branched polymer.15,32 Typically,
coniferyl, sinapyl, and p-coumaryl alcohol monolignols are incorporated into lignin as guaiacyl
(G), syringyl (S), and p-hydroxyphenyl (H) units (i.e., phenylpropanoid units) as shown in Figure
1-1. Coupling between monolignols and/or pre-formed lignin oligomers can result in a number of
inter-unit linkages, and several common types are illustrated in Figure 1-2. Nevertheless, after

Figure 1-1. Hydroxycinnamyl alcohol monomers in the biosynthesis of lignin.
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Figure 1-2. Types of linkages between dimers in lignin.

many years of study, the exact molecular structure of native lignin still remains unclear. However,
as methods for lignin substructure identification have improved, both common and rare monomers
and substructures in lignin have been elucidated. The results from these studies have yielded what
is believed to be an approximate representation of the structure of lignin (shown in Figure 1-3).
The composition and quantity of lignin varies from species to species, or even plant to plant,
influenced by genetic, developmental, and environmental factors. For example, the cell walls
from gymnosperm plants (softwood) are known to contain a great amount of lignin, followed by
the cell walls from dicot (hardwood) and monocot (grasses) angiosperm plants.15 Moreover,
hardwood lignin has a high methoxy content because it consists of roughly equal amounts of
guaiacyl and syringyl units, while softwood lignin is mainly guaiacyl units. Grass lignin is
composed of similar amounts of guaiacyl and syringyl units, along with some p-hydroxyphenyl
units.15,32,33
The variation in monolignol and monolignol inter-unit linkage distributions is, in part, due to
changes that can occur in the expression of monolignol biosynthesis genes in response to
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Figure 1-3. Graphical depiction of lignin structure.

developmental and environmental factors, but also due to the random nature of monolignol radical
coupling reactions which have no apparent biochemical control. Major monolignol inter-unit
linkage distributions in the lignin of softwoods and hardwoods are shown in Table 1-1.15 The most
frequent monolignol inter-unit linkage is the β-O-4 (β-aryl ether) linkage, which comprises about
half of the total linkages in both softwood and hardwood lignin.15 During cell wall lignification,
for energetic reasons, monolignol coupling of lignin oligomers (as opposed to dimerization) is less
likely to form β-β linkages, thus affording higher proportions of β-O-4 and β-5 linkages.11
Similarly, the formation C-O bonds is energetically favored over the formation of C-C bonds, thus
the β-O-4 linkage is the most prevalent linkage formed. Hardwood lignin has a slightly higher
8

percentage of β-O-4 linkages than softwood lignin, due to the greater number of syringyl units,
which have a lower chance of forming β-5, 5-5, and 4-O-5 linkages during lignification. The
resulting functional groups associated with the various lignin substructures, inter-unit linkages,
and terminal sites, mainly methoxyl, phenolic and aliphatic hydroxyl, benzyl alcohol, non-cyclic
benzyl ether, and carbonyl groups, have major influences on the solubility, reactivity, and
deconstruction of lignin.14,34 For example, the β-O-4 linkage is one of the most easily cleaved
chemically, whereas other monolignol linkages, such as β-5, β-β, 5-5, 4-O-5, and β-1 linkages, are
relatively more resistant to chemical degradation. As a result, most chemical routes targeting the
selective depolymerization (without secondary or side reactions) of lignin into its constituent
phenolic subunits are based on selective cleavage of β-O-4 linkages. These selective lignin
depolymerization efforts focus on narrowing downstream product distributions, making product
separation and purification more practicable, and affording more tractable chemical production.
The overall structure and structural subunits of lignin (including their heterogeneity) evolved
in plants over millions of years, in part as a defensive structure to protect cell wall carbohydrates
from fungal and microbial attack and/or protect the plant from chemical degradation by the
environment. Fungi and microbes utilize the carbohydrate component of biomass as a source of
carbon and energy, secreting various enzymes and compounds to disrupt lignin and to
depolymerize cell wall carbohydrates. In this case, lignin acts as a physical barrier coating, and
protecting the cell wall carbohydrates. In response, lignin has evolved in plants to resist chemical
and biochemical degradation. This evolved recalcitrance, inherent structural heterogeneity, and
plant-to-plant variability of lignin represents a major obstacle to harnessing lignin efficiently for
the production of desired and specific chemicals.
Table 1-1. Percent of inter-unit linkages in softwood and hardwood lignin.35
Linkages

Softwood (spruce)
9

Hardwood (birch)

β-O-4, aryl ether
α-O-4, aryl ether
4-O-5, diaryl ether
β-5, phenyl coumaran
5-5, biphenyl
β-1, 1,2-Diarylpropane
β-β, Resinol
Others

46%
6-8%
3.5-4%
9-12%
9.5-11%
7%
2%
13%

60%
6-8%
6.5%
6%
4.5%
7%
3%
5%

1.3.3 Types of lignin
Lignin for production of renewable fuels and chemicals can be obtained directly from
fractionation or isolation methods, or as a by-product of biomass processing to generate other
primary products. Lignin isolation from lignocellulosic feedstock can be conducted in a variety of
ways involving different mechanical, chemical, and biochemical processes. These isolation or
biomass processing methods invariably alter the native structure of lignin, thus further increasing
the structural variability observed in industrial lignin and complicating efforts to design processes
to use lignin as feedstock for chemical production. Depending on the type of isolation methods
and the conditions used, lignin obtained from the same biomass feedstock can have a very different
structure and properties (adding to the issues related to natural structural variation).
Currently, most lignin is generated by the pulp and paper industry, and lignin is removed as a
by-product from the desired product (i.e., cellulosic pulp) using various pulping methods. Kraft
pulping, the most commonly used chemical pulping process, normally contains contamination
from the cell wall carbohydrates.36-38 Sulfite pulping, an acidic pulping process, adds a mixture of
sulfurous acid and bisulfite ions in the form of calcium, magnesium, sodium, or ammonium
bisulfate.39 Since the process is conducted in acidic conditions, more contamination from degraded
cell wall carbohydrates will be present than in kraft lignin.40 More importantly, the lignin isolated

10

from sulfite pulping is highly contaminated by an external element, sulfur, which causes problems
for the production of chemicals and materials from lignin by increasing purification requirements,
lowering product quality, and/or poisoning many upgrading catalysts. Other techniques, such as
soda pulping,41 steam explosion,42 43 post-fermentation lignin44-47 and oxidative delignification of
lignocellulosic biomass, are also employed for lignin isolation. Lignins resulting from chemical
pulping and biological processes can generate poor feedstocks for conversion to chemicals,
primarily due to contamination, severe reduction in aryl-ether linkages, reduced solubility in
organic solvents, and other unadvantageous chemical, molecular, and physical modifications.
Milled wood lignin (MWL) is isolated using the Bjorkman method, which mainly relies on
mechanical degradation of cell wall components instead of a chemical pathway.48 In the Bjorkman
process, biomass is milled for long residence times, usually for 7 to 14 days, to disrupt the
crystallinity of the cell wall cellulose and fragment lignin.49 The long residence time and
significant power consumption required make the Bjorkman method unattractive in an industrial
setting; however, it has long been used as a method to isolate lignin (representing native lignin)
for analytical purposes.
Organosolv pulping was developed as an alternative to kraft or sulfite pulping in an effort to
generate a lignin by-product more amenable for co-utilization, and is considered more of a biomass
fractionation process. Organosolv pulping uses organic solvents to dissolve lignin instead of
reacting it with inorganic chemicals. In a relatively faster process, the dissolved lignin can be
recovered in a less degraded and altered form than in kraft and sulfite pulping in a relative faster
process.50
During lignin isolation, such as fractionation, pulping, recovery, and pretreatment, native lignin
structures can be altered significantly, primarily by fragmentation and condensation reactions. This
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additional source of structural heterogeneity presents a significant challenge to the utilization of
lignin for chemical production.51 Lignin solubility in various organic solvents is highly dependent
on the lignin chemical properties, such as its molecular weight distribution, monomer distribution,
monolignol linkage distribution, and terminal functional group distribution. Further, solvent-based
extraction or fractionation processes thus can be coupled with lignin isolation. In this case, a
solvent can be used to isolate fractions of recovered lignin with specific chemical and physical
properties, with less structural variability.11,52
1.4

Current technology for lignin conversion
Since lignin is a renewable and under-utilized resource, extensive research has been conducted

to develop conversion technologies that efficiently degrade lignin into high value products .
Current technologies for lignin conversion are classified as thermal, biological, and hybrid
conversion methods.
Thermal conversion defines a broad class of technologies that rely on thermal energy to convert
lignin into other forms of fuels and chemicals. Currently developed thermal conversion techniques
for lignin, which include pyrolysis, hydrothermal liquefaction (HTL), gasification, oxidative
cracking, solvolysis, and hydrogenolysis, are shown in Figure 1-4. Most thermal conversion
methods used to transform lignin (or more broadly lignocellulosic biomass) generate gaseous,
liquid, and solid products. These methods typically involve numerous complex reactions,
occurring both in series and parallel to one another. Due to differing conditions (temperature,
environment, catalyst, etc.) certain reaction pathways are favored in specific thermal conversion
methods, altering the yield and composition of the gaseous, liquid, and solid products.
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Figure 1-4. Pressure and temperature parameters range for thermochemical conversions of lignin.

Gasification is defined as the thermal conversion of organic materials to combustible gases.
Gasification is performed under high temperatures (greater than 700 °C) in a controlled atmosphere
with sub-stoichiometric levels of an oxidant, usually air, oxygen, or steam. The primary product
from the gasification of lignin is a gaseous product, called syngas, which is generally composed
of hydrogen, carbon monoxide, carbon dioxide, and methane. Syngas typically is used to generate
heat or electricity via combustion. Syngas can also be used to produce fuels and chemicals via the
Fischer-Tropsch process.

20

Char (the solid product), tar (the liquid product), and ash are

considered unwanted by-products from the incomplete gasification of lignin. The irreversible char
and tar production not only limit the efficiency of the conversion process, but also create high
maintenance costs. Other types of gasification, such as

hydrogasification (supercritical

gasification) 55 52 52 and catalytic gasification,20 56 52 are used to reduced unwanted tar formation
and improve the thermal efficiency of the process with hydrogen and catalyst input. 20 56 57 11,58
13

Pyrolysis thermally converts lignin in the absence of oxygen at a wide range of temperatures,
from 250-700 °C. The primary product from the pyrolysis of lignin is a liquid product called biooil or pyrolysis oil, which has a wide compound distribution range, although gaseous and solid
products (bio-char) are also generated due to lignin α-O-4 and β-O-4 linkages cleavages at 200 245 °C.59 When the temperature increases, most of the aliphatic C-C bonds within side chains,
even methyoxyl groups, also become unstable and readily break

59

High temperature will also

enhance secondary repolymerization and condensation into bio-char 11. Although the general trend
of depolymerization is similar, the yield of particular products and the specific temperature for
bond breakage vary according to the lignin type and structure 30,60,61. Fast pyrolysis was developed
to reduce the residence time of pyrolysis products to minimize repolymerizations. Hydrothermal
liquefaction (HTL) is a similar pyrolysis process to thermally degrade wet lignin directly into biooil, which can then be used for direct combustion or refined for transportation fuels.63

52,62

The

bio-oil generated from HTL has an advantageously lower oxygen content than fast pyrolysis.
Hydrothermal liquefaction of lignin may also produce significant amounts of bio-char.11,64,65 The
wide distribution of products generated from pyrolysis of lignin limits the commercial potential of
lignin for chemical production, because of the expensive upgrading, separation, and purification
required. Thus, in order to valorize lignin for chemical production rather than just fuel production,
a more facile and selective lignin depolymerization method is needed.
Oxidative cracking is one such method, and it cleaves the linkages in lignin at moderate
temperatures in the range of 60-160 °C with air or hydrogen peroxide as the oxidizing agent to
produce aromatic aldehydes and carboxylic acids. However, this process has been limited by its
relatively low yield of products and significant input of oxygen content to the products, which
diminish its potential for fuel production. These oxidants also target hydroxyl groups, converting
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them into aldehydes, ketones, and carboxylic acids. This process has been used to produce
aromatic aldehydes and carboxylic acids.11,67
Hydrogenolysis, including hydropyrolysis and solvolysis, is another path that selectively
depolymerizes and valorizes lignin for chemical production. Typically, hydrogen gas is used to
selectively reduce and disrupt the aryl ether linkages of lignin. Hydrogenolysis can be performed
on lignin with suitable solvents and catalysts, cleaving aryl ether (α-O-4, β-O-4, and 4-O-5)
linkages to generate phenolic monomers and dimers. Because ~55-60 % of the total inter-unit
linkages in lignin are aryl ether linkages, commercially viable hydrogenolysis methods must
selectively cleave aryl ethers, suppressing not only competing side reactions such as aromatic ring
hydrogenation, aliphatic ether cleavage, or carbon-carbon bond cleave reactions, but also
secondary reactions which convert lignin fragments and phenolic/aromatic products into other
compounds that further broaden the product distribution. Significant research has been conducted
on the performance of different catalysts for the selective hydrogenolysis of lignin under mild
conditions to improve the yield and selectivity of monomeric phenol production and increase the
conversion efficiency . Lignin solvolysis can be categorized into two general categories,
hydrogenolysis in supercritical solvents71-74 or base-catalyzed depolymerization. Hydrogenolysis
processes in solvolysis receive hydrogen in three ways: 1) Partial reforming of the solvent, such
as MeOH, can generate hydrogen for lignin depolymerization in the presence of metal catalysts.
2) Hydrogen can be produced in-situ from a hydrogen-donating solvent, such as MeOH, which is
thermally decomposed during the depolymerization reaction. 3) Hydrogen gas can be directly
pressurized into the reaction system.
Solvolysis in supercritical solvents decomposes lignin by breaking β-O-4 linkages and causing
dealkylation at weak C-C bonds, yielding low molecular weight fragments. 71 One of the benefits
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of solvolysis in supercritical solvents is that it overcomes issues related to lignin insolubility and
transport, which will enhance the heterogeneous catalyst performance in lignin conversion.11,75
Supercritical solvents also advantageously stabilize radicals and limit the formation of condensed
products and chars during solvolysis of lignin . A mixture of solvents can have a beneficial effect
on the conversion. For instance, Saisu et al. reported that adding phenol to water as a supercritical
solvent mixture decreased the fraction of insoluble products 77. The other type of lignin solvolysis,
base catalyzed depolymerization (BCD), is performed by using a solid base and a supercritical
alcohol to depolymerize lignin, generating phenols and phenol derivatives

78

. During BCD, aryl

ether linkages in lignin are mainly cleaved and produce a high yield and selectivity of monomeric
compounds. 79 67 The monomeric fraction can be valorized directly for chemical production or by
hydrogenolysis or hydrogenation to produce liquid transportation fuels.
Besides thermal conversion of lignin, bioconversion is another way to turn lignin into fuels
and chemicals, by using biological processes or systems, such as microorganisms, yeast or
enzymes. However, biological depolymerization of lignin is usually characterized by slow kinetics
and low yields, even though microbes can selectively produce chemical products, and some
microbes serve as cheap catalytic system. 80 80 80-84
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Hybrid conversion is an integrated process of biological and thermochemical conversion of
lignin for fuel and chemical production. Overcoming its inherent recalcitrance, lignin can be
treated and depolymerized by a thermal process. Taking advantage of biological specificity,
depolymerized lignin can undergo further biological conversion, acting as a biological “funnel”
and overcoming issues related to the wide distribution of products generally associated with
thermal conversion.

Figure 1-5. Lignin conversion processes and their potential products.

1.5

Copper-doped porous metal oxides catalyst (CuPMO) for lignin depolymerization via
hydrogenolysis in MeOH

Hydrogenolysis of aryl-ether linkages in lignin, comprising 50-60% of the inter-monomer
linkages in lignin, is a strategy for the selective depolymerization of lignin into its aromatic
monomers. The aromatic carbon-oxygen bonds that define the aryl-ether inter-monomer linkages
of lignin represent macromolecular “weak” points that can be targeted with a catalyst at milder
conditions. These milder reaction conditions reduce the occurrence of secondary reactions.
17

Therefore, the resulting product mixture from lignin depolymerization via hydrogenolysis of arylether inter-monomer linkages should have a much narrower distribution of compounds that are
more likely to be amenable to cost-effective separation and downstream utilization (than pyrolysis
oil).
Exploration of the reactivity of lignin towards H2 dates back to the 1930s.85 In hydrogenolysis,
H2 causes reductive cleavage of C-X (X = O, S, Cl, or F) bonds.85,86 Various studies have been
conducted to successfully develop homogeneous catalysts for the selective hydrogenolysis of arylether linkages in lignin model compounds. However, such catalysts are fragile and expensive for
large-scale use due to the difficulty of recovery from the products. Heterogeneous catalysts, which
are more robust and more easily separated, involving transition metals (both noble- and first-row
transition metals) on a variety of supports have been evaluated for lignin depolymerization.
Various factors can affect the rates and selectivities of key pathways for lignin depolymerization
by a heterogeneous catalyst. Recently, Song et al. observed significantly different conversions of
lignosulfonate to organic liquids and significantly different selectivities for the production of
propyl guaiacol and 4-ethylguaiacol, depending on the support used.90 In another contribution,
Song et. al discussed the important role that MeOH can play in lignin solvation and solvolysis.
Hence, due to the limitation of transport between lignin and a heterogeneous catalyst,
hydrogenolysis is likely to occur on smaller soluble lignin fragments generated by solvolysis.91 In
addition, when alcohols were used as the solvent, increased hydrogenolysis activity was observed
due to the hydrogen-donating ability of alcohol. Another report indicated that bases (e.g., KOH)
facilitate the depolymerization of lignin and aryl-ether models in supercritical methanol (MeOH)
via base-catalyzed hydrogenolysis.91,92 These observations led lignin catalysis researchers to
examine transition metal heterogeneous catalysts, solid base catalyst supports as recyclable and
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reusable alternatives to soluble bases, and alcohols as cheap, renewable solvents with good
hydrogen donating capability
The catalytic lignin depolymerization system used in this dissertation was adapted from that of
the Ford group in University of California, Santa Barbara (Dr. Foston collaborated with Dr. Ford
as part of a NSF CCI: Center for the Sustainable Use of Renewable Feedstocks, Cen-SURF). A
copper-doped porous metal oxide catalyst (CuPMO) was prepared by calcining a 3:1 Mg2+: Al3+
hydrotalcite (layered double hydroxide) in which 20 % of the Mg2+ had been replaced with Cu2+.
Hydrotalcites are well-studied solid base catalysts applied in transesterification reaction.72,73 In
MeOH (280-320 °C and ~100 bar), the CuPMO catalyst demonstrated outstanding performance in
catalyzing lignocellulosic biomass such as milled wood and organosolv lignin in a one-pot process
to generate a mixture of aliphatic alcohols with little to no char formation. CuPMO is effective in
an alcohol solvent, catalyzing methanol reforming and water gas shift reactions that generate the
necessary reducing equivalents of H2 (eqs. 1 & 2) for lignin deconstruction. However, using
CuPMO to depolymerize lignin in MeOH does result in significant aromatic ring reduction and
product proliferation. It is clearly desirable to target aryl-ether cleavage and deoxygenation of
lignin while suppressing reduction and other reactions of the aromatic rings. Recently, Ford et al.
also reported various studies to investigate the effect of reaction temperature,95 PMO structure,96
and compounds stabilities97 on the selectivity of hydrogenolysis against unwanted side reactions
by using lignin model compounds with CuPMO in MeOH. Subsequent studies showed CuPMO
and related catalysts to be effective in depolymerizing different types of lignin,98,99 producing H2
equivalents from other alcohols, and performing selective organic transformations101 such as the
upgrading of furfural derivatives.1-5
CH3OH

2 H2 + CO
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eq. 1

CO + H2O

1.6

CO2 + H2 eq. 2

Objectives and approach

To achieve the goal of efficiently using lignin to produce value-added products, this dissertation
pursues two major research objectives leading to an improved understanding of lignin
depolymerization via hydrogenolysis over heterogeneous catalysts.
Objective 1 is to throttle reaction pathways that cause product proliferation and loss of product
aromaticity during the depolymerization of lignin via hydrogenolysis over CuPMO catalyst. The
first study towards this objective explores using synthetic lignin model polymers as representative
substrates to better understand how the macromolecular nature of lignin affects its catalytic
depolymerization. The second study of this objective focuses on preventing reaction pathways that
lead to aromatic ring reduction. It investigates using DMC as an O-methylating agent to stabilize
phenolic intermediates during CuPMO-catalyzed depolymerization of organosolv lignin.
Objective 2 is to explore and develop analytical techniques to better monitor lignin
depolymerization reaction pathways. The first study of this research objective applies positive
matrix factorization analysis (PMF) to GC-MS data of low molecular weight products from
depolymerization over CuPMO catalyst in various reaction times. The second study of this
objective employs in-situ MAS ssNMR to obtain time-resolve information about the
hydrogenolysis of lignin model polymer to better its reaction network and kinetics.
1.7

Dissertation outline

To achieve these two objectives, four different studies were conducted in this dissertation, as
described in the following six chapters. Each chapter stands alone as a description of a single
20

research project within each study. Introductory and concluding chapters were also included in
this dissertation. References are provided at the end of each chapter. Thus, some references are
cited multiple times.
Chapter 1 provides a general background on the motivation for lignin utilization, structure of
lignin and its current conversion technologies. The major objectives of this dissertation are also
introduced at the end of Chapter 1.
Chapters 2 and 3 document research in Objective 1. In Chapter 2, lignin depolymerization via
CuPMO catalyst in MeOH is studied by using lignin model polymers as substrates. Based on this
understanding, Chapter 3 describes the use of DMC to enhance the aromaticity of lignin-derived
products when it is used as a co-solvent during depolymerization of real organosolv lignin over
CuPMO catalyst in MeOH.
Chapters 4 and 5 document research Objective 2. Chapter 4 describes applying PMF to analyze
the GC-MS data of the low MW products from lignin depolymerization. PMF provides GC-MS
more effective characterizing ability to study lignin depolymerization and catalyst performance,
especially, when a large number of samples are involved. Chapter 5 explores an in-situ reaction
monitoring technique, achieved by using in-situ MAS ssNMR, to study the lignin model polymer
depolymerization network and kinetics over nickel alumina and palladium alumina catalysts.
Four appendices provide supplementary information for Chapter 2-5. Appendices I, II, III, and
IV include figures and tables of selected results from 1H-NMR, 13C-NMR, GPC, and GC-MS in
Chapter 2, 3, 4, and 5.
1.8
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Chapter 2: Hydrogenolysis of lignin model polymers via copper-doped porous metal
oxides catalyst in supercritical methanol

2.1

Abstract

Increased control over product distribution from lignin depolymerization is an important
criterion for the efficient utilization of lignin for chemical production. In order to narrow the
distribution of lignin depolymerization products, a lignin depolymerization catalyst needs to be
developed that selectively cleaves aryl ether linkages while preventing secondary or side reactions.
However, the complexity of lignin structure limits current characterization ability to closely track
lignin depolymerization and ultimately study the catalyst performance. Hence, lignin model
polymers with a simplified structure, that is more representative of the macromolecule nature of
lignin than lignin model dimers, was used in this study to understand lignin depolymerization
reaction network and kinetics. To complete the study, lignin model polymers were depolymerized
via CuPMO catalyst in a series of reaction times ranged from 2/3 to 6 h. Results showed that
CuPMO catalyst enhanced selective hydrogenolysis of β-O-4 linkages with an order of magnitude
higher yield of monomer in 40 min than when no catalyst was used in 2 h. Although the selectivity
of monomer production decreased by half over the time period of 2 to 6 h of the catalytic
depolymerizations due to the unwanted hydrogenation, addition of DMC was shown to effectively
reduce secondary hydrogenation of produced monomers via O-methylation. Meanwhile, CuPMO
catalyst also prevents char formation during the depolymerization.
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2.2

Introduction

In the search for a more efficient way to utilize lignin, many types of catalysts have been
designed to increase the selectivity and elevate the yield of aromatic monomers from lignin
depolymerization via hydrogenolysis. As described in Chapter 1, selective hydrogenolysis uses
hydrogen to cleave aryl ether linkages (e.g., α-O-4, β-O-4, and 4-O-5) in lignin and generate
phenolic types of products with a narrow compound and functional group distributions. Thus,
understanding catalyst performance and elucidating reaction networks and kinetics is especially
important for designing and upgrading catalyst with high activity and selective.
Various lignin depolymerization procedures utilizing catalysis have been reported. However,
due to the heterogeneity and complexity of the substructure in lignin, it is extremely difficult to
monitor catalyst performance and elucidate reaction networks and kinetics for lignin
depolymerization. Hence, multiple lignin model compounds with simplified lignin characteristic
structures and linkages have been wide used to simulate the behavior of lignin during catalytic
depolymerization. Although these catalytic studies have showed similarities between model
compounds and real lignin, the model compounds used often do not properly account for the
robustness or the complexity of lignin. Lignin obtained from different isolation processes (e.g.
kraft pulping, organosolv pulping, and MWL) or industrial processes have wide molecular
distributions and complex topological configurations with highly variable aromatic monomer
substituent patterns and aliphatic inter-monomer linkage sequences, all of which contributes a
significantly to the reactivity of the lignin. Moreover, heterogeneous catalytic depolymerization of
polymers represent a class of liquid-phase catalysis in which the interactions among catalytic
kinetics, surface mechanisms, and transport phenomena are affected by the macromolecular nature
of the polymeric substrate. This “macromolecular” effect (e.g. insolubility, chain flexibly and
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bulkiness, additional entropic penalty of surface adsorption for polymers versus small molecules,
etc.) on heterogeneous catalysis is not well-understood or heavily studied. Ignoring these
macromolecular effects have limited the real understanding of how catalyst structure controls
lignin depolymerization. For example, Zhang et al. reported that bimetallic catalysts were more
active and selective than their single component counterpart in hydrogenolysis of model
compounds and lignin, but many other works suggested the opposite, due to the different types of
lignin used for depolymerization.12-14
Ford et al. reported CuPMO catalyst showed remarkable activity in cleaving aryl ether linkages
through simple lignin model dimers, and the reaction selectivity was also studied under multiple
reaction conditions. However, the studies that probe the macromolecular effect of a substrate on
the performance of CuPMO catalyst, which are mostly microporous, have not been demonstrated.
Hence, this chapter describes efforts to use a mixture of two synthetic lignin model polymers, one
with guaiacyl (G) units and the other with p-hydroxyphenyl (H) units, that only contain β-O-4
linkages (Figure 2-1) to study the performance of CuPMO catalyst for hydrogenolysis of β-O-4
linkages. The lignin model polymer used was synthesized following a procedure developed by
Kishimoto et al.15 The β-O-4 linkages in this version of the model polymer does not contain γcarbons or γ-carbon hydroxyls. Upon depolymerization of these model polymers the intermediates
formed can be tracked and the product generated profiled in detail. In addition to facilitating
characterization, more traditional method of reconstructing reaction networks and performing
kinetic analysis can be performed on these lignin model polymers.
The research in this chapter focused on understanding the cleavage of β-O-4 linkages with
CuPMO to generate phenolic products by using lignin model polymers. Lignin model polymer
was subjected to CuPMO in MeOH at 300 °C and for reaction times of 2/3, 1, 2, 3, and 6 h. A
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major undesired side reaction for the hydrogenolysis of lignin is hydrogenation, which can lead a
board product proliferation and reduce product value. Hence, monitoring the depolymerization
reactions of lignin model polymers via CuPMO in MeOH provides insightful information on the
selectivity for hydrogenolysis of β-O-4 linkages. The depolymerized products were characterized
by TGA, GPC, and GC-FID-MS.

Figure 2-1. Structure of synthetic polymers.

2.3

Materials and methods

2.3.1 Materials
4-Hydroxy-3-methoxy-acetophenone, 4’-hydroxyacetophenone, copper (II) bromide, sodium
borohydride, and potassium carbonate were purchased from Sigma-Aldrich. Solvents, including
ethyl acetate, chloroform, dioxane, diethyl ether, anhydrous dimethylformamide, MeOH, and
DMC, were used as purchased from Sigma-Aldrich.
2.3.2 Synthesis of β-O-4 lignin model polymers
Two types of β-O-4 lignin model polymers with repeating G- or H-monomer were synthesized
according to the method developed by Kishimoto et al.16 The synthesis has three reactions,
including bromination, polymerization, and reduction. 4-Hydroxy-3-methoxy-acetophenone (i.e.,
G monomer) and 4’-hydroxyacetophenone (i.e., H monomer) recrystallized before being used as
starting materials for the synthesis. The G- and H-monomer starting materials were brominated by
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copper (II) bromide in an ethyl acetate and chloroform mixture under reflux with vigorous stirring
until the color changed from green to amber (~3 h).15 This later step was a novel modification to
the synthesis protocol developed in the Foston lab. The product was recovered by filtration and
rotary evaporation, and its structure was verified by 1H-NMR. The product was then recrystallized
and dried for polymerization. The brominated G- or H-monomer starting materials was stirred with
K2CO3 in anhydrous dimethylformamide at 70 ºC for 12 h under nitrogen. The reaction was
quenched in ice water and formed polymer precipitates, which were washed with water and MeOH
and filtrated. The polymers were dried before reduction. Finally, the polymers were reduced by
NaBH4 in dimethyl sulfoxide at 70 ºC for 24 h. The reduced polymers were precipitated in ice
water and acidified to pH 3.0 with 2.0 M hydrogen chloride solution. The precipitates were filtered,
washed with water, and dried. The reduced polymers were dissolved in minimum amount dioxane
and re-precipitated in diethyl ether to remove the low molecular weight compounds. Then, the
polymers were filtrated and dried again for depolymerization. Their structures were verified by
1

H-NMR (See Appendix I, Figure I-1 & I-2).15 G-polymer: 1H-NMR (DMSO-d6): δ 1.28 (d, J =

6.4, CH3), 3.76 (s, 3H, OCH3), 3.90–3.98 (m, 2H, Cβ-H), 4.84 (m, 1H, Cα-H), 5.49 (d, 1H, J = 4.7,
Cα-OH), 6.90 (s, 2H, C5-H, C6-H), 7.06 (s, 1H, C2-H); H-polymer: 1H-NMR (DMSO-d6): δ 1.27
(d, J = 6.4, CH3), 3.95 (s, 2H, Cβ-H), 4.80 (s, 1H, Cα-H), 5.51 (s, Cα-OH), 6.92 (d, 2H, J = 8.5,
C3-H, C5-H), 7.32 (d, 2H, J = 8.5, C2-H, C6-H).3,17,18
2.3.3 Catalyst Synthesis
The procedure used for catalyst synthesis was provided by the Ford group at the University of
California, Santa Barbara. A Na2CO3 solution (5.3 g, 0.05 mol in 375 mL) was slowly added at
65 °C with vigorous stirring to a solution of 250 mL deionized water containing Mg(NO3)2·6H2O
(30.8 g, 0.12 mol), Cu(NO3)2·3H2O (7.25 g, 0.03 mol), and Al(NO3)3·9H2O (18.76 g, 0.05 mol).
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The pH of the mixture was maintained at approximately 10 by alternating additions of 1.0 M NaOH
to the reaction mixture. After the addition of the metal solution was complete, the reaction slurry
was stirred overnight. The light blue precipitate was isolated by filtration and washed with a
sodium carbonate solution (0.05 mol in 1 L distilled water) for a minimum of four hours, then
filtered and washed with deionized water. The precipitate was dried overnight at 110 °C, resulting
in copper hydrotalcite.
2.3.4 Depolymerization of lignin model polymer
H and G model polymer depolymerizations were conducted in stainless steel bomb
reactors with internal volumes of ~ 10 mL, which were lab-made from a ¾ in. Yor-Lok
straight union and two ¾ in. Yor-Lok caps, purchased from McMaster-Carr (Figure 2-2).
The reaction system and reactor design were adapted from previous work by Prof. Peter
Ford’s group at University of California, Santa Barbara. Each reactor was charged with 50
mg each of H-polymer and G-polymer, with/without 100 mg of CuPMO catalyst. MeOH
(3 mL) with decane (1.76 µL) as an internal standard was added to the reactor as solvent.
The reactor was heated in an isotherm muffle furnace (Thermo Fisher Scientific) at 300 °C
for reaction times of 2/3, 1, 2, 3, and 6 h. An additional reaction on the same substrates
with/without catalyst in MeOH and DMC mixture was also performed for 3 h at 300 º
C.
Reactions were quenched in an ice water bath. Then, the reactors were left on the bench to
reach room temperature before being opened. Solid residues and liquid products were
separated by a vacuum filtration apparatus with a 0.45 µm nylon membrane filter. Solids
were further washed by analytical grade MeOH, portion by portion, until the total liquid
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product volume was 20 mL. The liquid products were collected for GPC and GC-MS
analysis, and the solids were dried for gravimetric analysis.

Figure 2-2. Photo of built reactor.

2.3.5 Characterization of untreated model polymer and depolymerized products
GC-FID-MS. The raw products of model polymer depolymerization with/without catalyst in
MeOH were injected into a modified Agilent GC system 7890A, coupled with both an Agilent
5975C mass spectroscope with a triple-axis detector and an Agilent G3461A FID with a
methanizer (Activated Research Company) through an Agilent G3470A Auxiliary Electronic
Pressure Control (Aux EPC). GC analysis was performed using an Restek fused silica RTX-50
capillary column (ID, 0.25 mm; film thickness, 0.5 µm; and length, 30 m) with the following
program: 2 min at 40 °C and then a ramp at 5 °C/min up to 300 °C for 5 min, with helium as the
carrier gas (splitting ratio: 10:1). GC-MS data was exported and analyzed through ChemStation
Software. Identification of the compounds was carried out by comparing the mass spectra obtained
with those in a database (PAL600k, Palisade Corporation, USA).
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GPC. GPC analysis was carried out using a Waters e2695 system with a 2489 ultraviolet
detector (260 nm) on a three-column sequence of WatersTM Styragel columns (HR0.5, HR1, and
HR3). THF was used as eluent, and the flow rate was 1.0 mL/min. A 50 µL volume of the
depolymerized raw products was directly injected into the GPC. A calibration curve was
constructed based on six narrow polystyrene standards and two small molecules, covering a
molecular weight range from 92 to 3.4 × 104 g/mol.
1H-NMR.

Depolymerized samples were prepared by adding 1.0 mg of brominated monomer

600 µL acetone-d6. Untreated polymer samples were prepared by adding 1 mg of reduced H- or
G-polymer to 600 µL DMSO-d6. Experiments were performed in a Varian Inova 300 MHz
spectrometer at 25 °C, with a 45°pulse angle, 2 s recycle delay, 20 Hz spinning speed, and 8 scans.
TGA. Thermal gravimetric analysis was conducted on the solids residues from CuPMOcatalyzed depolymerizations. The thermogravimetric analyses were carried out in a Q5000 TGA
instrument (TA instrument). A range of ~5-10 mg dry solid samples were loaded onto a platinum
TGA pan. Furnace was programed to heat to 900 °C in 2 min with air (ultrazero grade) flowrate
of 10 mL/min and nitrogen flowrate of 25 mL/min. Furnace was held at 900 °C for additional 10
mins until no further changes in sample weight observed. Weight loss percentages were recorded
to calculate the catalyst content in the solid residues.
Nitric acid digestion. Solid residues from depolymerization were treated with 5 ml of 70%
HNO3 at room temperature for 16 h. Mixture was heated to 50 °C for another hour, then, cooled
to room temperature. Leftover solids (Char) were recovered by filtration through glass fiber filters.
Leftover solids were washed with excessive amount of water DI water for three time and then
dried for gravimetric analysis.
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2.4

Results and Discussion

CuPMO catalyst was used to depolymerize a mixture of H- and G-lignin model polymer, which
a GPC detected molecular weight ~2,490 Da, in MeOH at 300 °C for 2/3, 1, 2, 3, and 6 h. To
further elucidate the effect of the catalyst, a series of control reactions was conducted without
adding catalyst was also performed. Solid residues and liquid products were separated by simple
vacuum filtration. Liquid products at each time point were directly injected into GC-FID-MS and
GPC instruments to analyze their composition and molecular weight distribution. Solid residues
from control samples were directly dried for gravimetric analysis. Solid residues from catalyzed
depolymerization were digested with nitric acid to verify that no char had formed in the presence
of CuPMO catalyst.18
2.4.1 Low molecular weight products
To monitor the progress of depolymerization with and without CuPMO in generating low
molecular weight (MW) products at each time point, an analytical technique is required that can

Figure 2-3. Schematic diagram of modified GC system with both FID and
MS detector.
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easily identify and quantify the low MW products. GC-MS analysis is well-suited to separate,
detect, and identify low MW compounds that are more prone to vaporize than degrade (i.e., high
vapor pressure). However, many reactions including the depolymerization of lignin or lignin
model systems can produce a range of compounds, many of which do not have commercially
available standards. In this case, a traditional GC-MS system has a limited ability to quantify all
the detected compounds, because different compounds may have different response factors and it
is not realistic to use (or even buy or synthesize) external standards for every known or unknown
compound. Therefore, a modified GC-MS system (Figure 2-3). Specifically, this modified GC
system has a single column that leads to a capillary flow splitter. At this splitter, one analyte path
flows toward a mass spectrometer detector, and a second parallel analyte path flows toward a
methanizer (Polyarc® system) that is in series with a flame ionization detector (FID). The
methanizer converts any carbonaceous compound into stoichiometric equivalents of CH4, which
is detected by the FID. This technique can identify unknown compounds with the MS while
quantifying the concentration of those unknown compounds without the need for standards or
molar response factors with the methanizer-FID. This modified GC-FID-MS was tested with a
standard mixture of various compounds with various functional moieties. The response factors for
these standard compounds are relatively similar with an error ± 5% (Figure 2-4). Unlike other
research on lignin catalysis in which product yields either rely on effective carbon number
calculations or estimations of response factors, which lead to poor or incomplete mass balances.
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Figure 2-4. FID Response factor test with a standard mixture of various compounds with known concentration.

All no-catalyst and CuPMO-catalyzed depolymerization liquid products were characterized by
the GC-FID-MS system. According to the results (Figure 2-5), CuPMO catalyzed
depolymerization products showed significant production of only two monomeric compounds, 4ethylphenol (42.9 µmol, unit of H-polymer) and 4-ethyl-2-methoxyphenol (18.8 µmol, unit of Gpolymer), in 40 min of reaction. However, yields of these compounds from depolymerization
without catalyst in 2 h are less than a tenth of the yields from CuPMO catalyzed depolymerization
in 40 min. This dramatic difference in yields of monomers indicates that CuPMO can substantially
increase the rate of hydrogenolysis of β-O-4 linkages. In addition, CuPMO catalyzed MeOH
reforming to generate hydrogen also enhanced the cleavage of the C-O bond.17 Additionally, in
the presence of CuPMO catalyst, the depolymerized products showed particularly high selectivity
for production of H- and G-monomers for approximately two hours of reaction. After two hours
of reaction, other compounds started to form from side reactions or secondary reactions in the
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CuPMO-catalyzed depolymerization products. A decreased yield of G-monomer was observed at

Figure 2-5. GC-FID-MS chromatograms of liquid products from no-catalyst (left) and
CuPMO-catalyzed depolymerization from 40 min (top) to 6 h (bottom).
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2 h depolymerization, and H-monomer also showed a decreasing yield at 3 h (see Figure 2-6). This
decreasing yield implied that, in the presence of hydrogen and catalyst, the resulting products were
not stable and tended to react further to undesired products, which could lead to a wider product
distribution. After 6 h of reaction, almost half of the total yield of H- (62.3 µmol) and G-monomers
(27.8 µmol) at 2 h had disappeared via undesired reactions, such as hydrogenation, methylation,
demethylation, and re-condensation, leaving only 39.3 µmol of H-monomer and 10.0 µmol of Gmonomer.

Figure 2-6. Yields of monomers (G and H) from no catalyst and CuPMO-catalyzed depolymerizations from 40 min to
6 h reaction.
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Figure 2-7. Yields (left) and selectivities (right) of total G- and H-monomers from no catalyst and CuPMO-catalyzed
depolymerizations from 40 min to 6 h reaction.

Figure 2-7 (left) shows the total yield of G- and H-monomer in the no-catalyst and CuPMOcatalyzed depolymerization products at different reaction time points. CuPMO-catalyzed
depolymerization samples demonstrated significantly higher yields of G- and H-monomer together
than no-catalyst depolymerization products. Additionally, in the GC-FID-MS system, FID
detected all the compounds that had the same response factor, which allowed the summation of
the area under these detected compounds within a sample to represent the total relative yield of all
products in terms of carbon number. Hence, the selectivities of G- and H-monomer together
against total low MW products in each sample from no-catalyst and CuPMO-catalyzed
depolymerization products at different reaction time points are shown in Figure 2-7 (right). The
selectivity of G- and H-monomer together from CuPMO-catalyzed depolymerization decreased by
half from 2 h to 6 h, which indicated some set of secondary reactions is occurring that likely form
large MW products. These large MW products are not detectable by the GC-FID-MS system.

42

2.4.2 Large molecular weight (MW) products.
Large MW products, such as depolymerized or repolymerized (from depolymerized monomers)
oligomers, are those compounds dissolved in MeOH solvent that cannot be detected by GC-FIDMS. GPC was used to characterize the molecular size distribution of the liquid products. Liquid
products from no-catalyst and CuPMO-catalyzed depolymerizations from 40 min to 6 h were
directly injected into the GPC. Both no-catalyst and CuPMO-catalyzed depolymerizations showed
significant molecular weight shifts at longer reaction times, from an initial value of average
molecular weight, ~ 2,490 g/mol to final average molecular weights of ~400-300 g/mol (no catalyst)

Figure 2-8. GPC chromatograms for untreated polymers and depolymerized polymers with
(right)/without (left) CuPMO catalyst for reaction times from 40 min to 6 h (bottom to top).
Number-average (Mn) and polydispersity index (PDI) are shown to the right.
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and ~500-300 g/mol (CuPMO catalyzed) (see Figure 2-8). However, CuPMO catalyst promoted
faster depolymerization within the same reaction time range, indicated by the faster dissappearance
of broad peaks at ~25-32 min. In addition, the peaks around 36 min started growing with longer
reaction times for the catalyst samples, but the no-catalyst samples did not show such peaks at the
same retention time. The peaks indicated that CuPMO-catalyzed depolymerization products
tended to form smaller compounds than the no-catalyst samples. On the other hand, no-catalyst
depolymerization samples showed an increasing intensity of the broad peak at ~30 min after 2 h
reaction, but the catalyzed depolymerization samples did not, which implied that CuPMO catalyst
most likely suppresses re-condensation reactions that lead to char formation. This finding is
consistent with the previous GC-FID-MS results showing decreasing yield of low MW products.
2.4.3 Char formation
Solid residues recovered from no-catalyst depolymerization for reaction times from 40 min to
6 h were dried and weighted. After nitric acid treatment14 of each sample, leftover solids were
dried and weighted again, yielding the mass of char formed during the depolymerization. The
weight loss during the nitric acid treatment represents the unreacted polymer from the
depolymerization. For the catalyzed-depolymerization samples, recovered solid residues contained
catalyst and possible unreacted polymers and char. The percentages of undissolved polymer and
char were calculated based on the total weight of the starting substrates, and are reported in Table
2-1. To determine the quantity of unreacted polymer and char formed during depolymerization,
Table 2-1. Percentage of unreacted polymer and char formed during depolymerization of lignin
model polymers with/without CuPMO catalyst at reaction times from 40 min to 6 h.
No Catalyst

CuPMO
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Unreacted
Polymer

Char

Unreacted
Polymer

Char

40 min

39 %

~0

0

0

1h

23 %

~0

0

0

2h

4%

19 %

0

0

3h

0

25 %

0

0

6h

0

28 %

0

0

Time

thermal gravimetric analysis (TGA) was performed on these solids. At 900 °C, any organic
material was converted into the gas phase, and the CuPMO catalyst has a constant weight loss of
25%. Hence, based on the weight of leftover solids from TGA, the quantity of catalyst in the
reacted solid residues was calculated. Solid residues from catalyzed depolymerization contained
no organic materials, only catalyst, which indicated there was no unreacted polymer left or char
formed at any reaction time points. On the other hand, depolymerization without catalyst took
about 2 h to dissolve all the polymer substrates, and about 19% char was formed. As the reaction
proceeded, more char formed (Figure 2-9). Therefore, CuPMO catalyst not only enhances faster
depolymerization to smaller compounds, but also effectively prevents re-condensation reactions,
as observed from GPC results.

Figure 2-9. Picture of solid residues recovered from no catalyst depolymerization from 40 min to 6 h.
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2.4.4 Enhanced aromaticity by dimethyl carbonate
Additionally, to preserve the aromaticity of depolymerization products from side reactions such
as hydrogenation, DMC was used as a co-solvent with MeOH for the depolymerization. According
to earlier model compound studies by the Ford group,1,2 side reactions can largely be attributed to
the increased rate of hydrogenation for phenol versus anisole. Hence, four additional
depolymerizations were performed on the same substrates, with and without CuPMO catalyst, in
both MeOH and a mixture of MeOH and DMC for 3 h. The resulting liquid products were injected
into a traditional GC-MS system.

Figure 2-10. GC-MS chromatogram of liquid products from no catalyst (top) and CuPMO catalyzed (bottom)
depolymerization in methanol solvent (left) and a mixture of methanol and dimethyl carbonate solvent (right) for reaction
time of 3 h
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In both solvent systems (MeOH and MeOH/DMC), the GC-MS results showed significantly
lower yields of low MW products from no-catalyst depolymerization than from CuPMO-catalyzed
depolymerization (Figure 2-10). For the no-catalyst samples, phenolic compounds with random
substituent functional groups, such as vinyls and aldehydes, were detected in the MeOH system,
which broaden the product distribution. O-methylated similar compounds at the phenol moieties
were detected in the MeOH/DMC system, which indicated that DMC is an effective O-methylating
agent without catalyst. For the CuPMO-catalyzed depolymerization samples, H- and G-monomers
were the two major products detected in the MeOH system. In the MeOH/DMC system, Omethylated H- and G-monomers were the major two low MW products, with significantly higher
yields than in the MeOH system. Moreover, not only were the yields of selective monomeric
compounds enhanced, but also the secondary reactions of aromatic products were suppressed from
generating other random compounds, which reduced the product proliferation with CuPMO
catalyst in the MeOH/DMC solvent.
2.5

Conclusions

In summary, CuPMO catalyst promoted hydrogenolysis of β-O-4 linkages and selective
conversion of lignin to aromatic products, preventing product proliferation and char formation.
According to this lignin model polymer study, selective yields of monomeric products were
observed in CuPMO-catalyzed depolymerization as early as 40 min of reaction, which is an order
of magnitude higher than the yields of monomer from the non-catalyzed depolymerization at 2 h
of reaction. The total yield of H- and G-monomer from catalytic depolymerization decreased after
2 h of reaction, and the selectivity for both H- and G-monomer was reduced by half from 2 h to 6
h of reaction due to secondary reactions. Additionally, G-monomer produced, 4-ethyl-2methoxyphenol, showed an earlier degradation than H-monomer, 4-ethylphenol. Conversely,
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addition of DMC to MeOH solvent effectively stabilized phenolic compounds through Omethylation, and enhanced the yield and selectivity of monomer production. Using synthetic lignin
model polymers as substrates, this study has demonstrated a more reliable system for simulating
lignin depolymerization. This approach not only provides characteristic lignin structures that can
be easily characterized, but also presents opportunities to understand lignin behavior as
macromolecule.
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3

Chapter 3: Enhanced aromatic production from lignin depolymerization by
hydrogenolysis via copper-doped porous metal oxides in a MeOH and dimethyl
carbonate mixture.

This chapter was partially adapted from the following publication:
J. A. Barrett, Y. Gao, C. M. Bernt, M. Chui, A. T. Tran, M. B. Foston and P. C. Ford, “Enhancing
Aromatic Production from Reductive Lignin Disassembly: in-situ O-Methylation of Phenolic
Intermediates”, ACS Sustainable Chemistry & Engineering, 2016, 4, 6877-6886.

3.1

Abstract

As described in Chapter 2, CuPMO is effective at the cleavage of β-O-4 linkages in a lignin
model polymer, but the hydrogenation of the phenolic intermediates is responsible for much of the
undesirable product diversity leading to product proliferation. In order to enhance the aromatic
production from lignin depolymerization, DMC was studied as an additive to lignin
depolymerization via CuPMO in MeOH to suppress the unwanted hydrogenation of phenolic
intermediates by O-methylation. This chapter the performance of DMC to suppress the unwanted
hydrogenation on the depolymerization of organosolv poplar lignin (OPL) was assessed. The
depolymerized products were characterized by GPC, GC-thermal conductivity detector (TCD),
GC-MS, and nuclear magnetic resonance spectroscopy including 1D 31P and 13C NMR as well as
2D 1H-13C heteronuclear single quantum coherence (HSQC) NMR.
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3.2

Introduction

Recent studies have shown that catalytic hydrogenolysis can produce aromatic compounds from
several types of lignin. Hydrogenolysis which uses hydrogen to cleave C-O bonds,4-6 while
hydrogenation adds H2 across unsaturated C-C bonds. The reductive cleavage of aryl-ether bonds
is a high-potential route for producing value-added aromatic products. The β-O-4 and α-O-4
linkages in lignin generally undergo cleavage by hydrogenolysis more easily than do other types
of lignin bonds.8 However, the effectiveness of catalyst in C-O bond hydrogenolysis often
promotes unwanted hydrogenation of aromatic rings. A major objective in lignin valorization
through hydrogenolysis is to cleave aryl-ether bonds while minimizing hydrogenation of the
aromatic monomer units.
As demonstrated in Chapter 2, CuPMO catalyst has been shown to promote hydrogenolysis of
aryl ether linkages in lignin and generate phenolic products. The issue with CuPMO-catalyzed
lignin depolymerization in MeOH is product proliferation owing to hydrogenation of aromatics
and methylation. Lignin model polymer depolymerization studies showed that these side reactions,
especially hydrogenation, could largely decrease the production of aromatic compounds and
reduce of value of lignin-derived products. In the earlier studies from the Ford group, they briefly
showed that the introduction of the “green” methylating agent DMC to the system greatly
enhanced the net yield of aromatic products from the α-O-4 lignin model, benzyl phenyl ether
(BPE).9,10 In addition, our previous study on depolymerization of lignin model polymers also
demonstrated an enhanced production of aromatic monomers with DMC as co-solvent. This
enhancement can be attributed to interception of phenol, the anticipated hydrogenation
intermediate, by O-methylation to give anisole. Notably, O-methylation of guaiacol, catechol, and
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phenol by DMC has been reported by Jyothi and coworkers to be catalyzed by calcined Mg-Al
hydrotalcite.
To extend our study to real lignin systems, this chapter applies the same methodology using
DMC to stabilize or trap reactive phenolic intermediates from catalytic depolymerization of
organosolv poplar lignin (OPL). The same catalyst, CuPMO, was used for OPL depolymerization
in MeOH and in a MeOH and DMC mixture, with reaction times of 3 and 6 h for both systems.
Reaction products were characterized by GC-TCD, GC-MS, GPC, and multiple NMR techniques.
3.3

Materials and methods

3.3.1 Materials.
MeOH was purchased from Fischer Scientific and used as received. DMC and n-decane were
used as purchased from Sigma-Aldrich. CuPMO catalyst was synthesized by the same method as
Chapter 2.
3.3.2 Lignin extraction
In a typical procedure, poplar wood chips were treated with 1:1 ethanol/toluene, filtered, and
dried overnight. To 4.5 L of MeOH, 600 g of treated poplar wood chips and 12 mL of concentrated
HCl were added. Care was taken to add the wood chips portion-wise, because a thick suspension
can halt stirring. The mixture was heated to reflux and stirred for 12 days. Over the course of the
reaction, the MeOH turned deep brown. The solution was separated from the residual solids by
filtration and the solution volume was reduced by rotary evaporation. One liter of ice was added,
whereupon a beige solid precipitated. The solid was collected by filtration and washed with cold
water until the pH of the filtrate was 7. The resulting organosolv lignin was then dried in vacuo
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overnight, yielding 21.6 g of material. All subsequent reactions used organosolv lignin isolated
from a single batch.
3.3.3 Batch reactions.
Small scale reactions were conducted using custom-built high-pressure stainless steel reactors.
The reactors consisted of a 3/4 Swagelock union with two 3/4 inch Swagelock plugs and had an
internal volume of 10 mL. These are described in detail in Matson et al.12,13 A typical catalysis
run consisted of a set of mini-reactors charged identically with a substrate, catalyst, MeOH (2-3
mL), DMC (0-1 mL), and an internal standard n-decane (20 µL). Specifically, 100 mg of the
substrate and 100 mg of the catalyst were used. After adding identical quantities of substrate,
catalyst, and solvent were added to a set of mini reactors, these reactors were sealed and placed in
an aluminum heating block in a preheated oven set at a specified temperature (typically 300 °C).
Two individual reactors holding each system were removed after a given time interval (3 or 6 h)
and quenched via rapid cooling in a water bath. The volume of the gas phase was measured by
using a water displacement apparatus containing a 1/4 inch brass Swagelock pipe tee fitted with a
septum for gas analysis sampling. The reactors were washed with 2 mL of MeOH, and the liquid
products were filtered using a 10 mL syringe fitted with a 0.2 µm Acrodisc nylon membrane filter.
3.3.4 Characterization of products from depolymerized lignin.
GC-TCD analysis. Gaseous products were analyzed by an Agilent 6890N (G1530N) gas
chromatograph equipped with a GC-TCD and 30 m × 0.53 mm fused silica capillary column.
Samples were obtained using a gas-tight syringe and injected into the inlet at 225 °C. The carrier
gas, helium, was set at a constant flow rate of 7 mL/min. The column temperature was held at 35
°C for 7 min, then ramped to 225°C at 24 °C/min, where it was held for 10 min. The GC-TCD was
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set at 250 °C, with a 40 mL/min H2 flow rate and 450 mL/min air flow rate. Product identification
and quantification was done by comparison to calibration curves generated using a standardized
syngas mixture.
GC-MS analysis. GC-MS analysis was performed on an Agilent GC system 7890A coupled
with an Agilent 5975C mass spectrometer with a triple-axis detector using a RTX-50 column (film
thickness 0.5um, length 30m, ID 0.25 mm). Specifically, 1 μL of filtrated reaction raw product
solution was directly injected into the GC inlet (250 °C). The carrier gas was helium at 1 mL/min,
with a split ratio of 10:1. The column temperature was programed to hold at 35 ˚C for 2 min. Then,
the oven temperature was increased to 300 ˚C, with a heating ramp of 5 ˚C/min. Finally, the oven
temperature was held for 5 mins. Decane was used as internal standard for GC-MS analysis. GCMS data was exported and analyzed through ChemStation Software. Compounds were identified
by comparing the mass spectra with those from a system database (NIST10)
GPC analysis. GPC analysis was performed in a Waters e2695 system with a 2489 UV detector
(260 nm) on a three-column sequence of WatersTM Styragel columns (HR0.5, HR1, and HR3).
Tetrahydrofuran (THF) was used as eluent, and the flow rate was 1.0 mL/min. Exactly, 50 µL of
raw product solution was directly injected into GPC. Molecular weights (Mn and Mw) were
calibrated against a polystyrene calibration curve constructed by fitting a third-order polynomial
equation to the retention volumes obtained from six narrow polystyrene standards and two small
molecules (diphenylmethane and toluene) ranging in molecular weight from 92 to 3.4 ×104 g/mol.
The curve fit had an R2 value of 0.99.
NMR Analysis. For the NMR analyses of OPL products, solvent in the product mixtures from
lignin depolymerization was removed by rotary evaporation under reduced pressure at 35 °C. The
resulting non-volatile product mixture, representing the oligomeric fraction of the unprocessed
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product, was additionally dried at 35 °C at 0.1 Torr for 18 h. The weight percent of the non-volatile
product mixture was determined gravimetrically, based on the weight of the starting OPL.
Approximately 80-100 mg of the untreated OPL and non-volatile product mixtures were added to
a dry 2-dram vials, followed by the addition of 400 µL DMSO-d6. The mixtures were stirred under
dry N2 for several hours until completely dissolved and then transferred into separate NMR tubes.
1

H-NMR was performed in a Varian Inova 500 MHz spectrometer at 40 °C, with a 45°pulse

angle, 2 s recycle delay, and 32 scans.

13

C-NMR was performed in a Varian Inova 500 MHz

spectrometer at 40°C, employing an inverse gated decoupling pulse sequence, 90ºpulse angle, 11s
pulse delay and ~8,000 scans. 2D-NMR (HSQC) spectra were recorded in a Varian Inova 500
MHz spectrometer at 40 °C. HSQC analysis was performed using a gChsqc_BB pulse sequence
(phase sensitive mode) with a 90°pulse width (calibrated pw = 10.25), 0.11 acquisition time, a
1.5-s pulse delay, a JC-H of 145 Hz, acquisition of 256 data points, and 128 scans.
For

31

P-NMR analysis of lignin depolymerization, we employed a mixture of anhydrous

pyridine and deuterated chloroform (Py/CDCl3, 1.6/1.0, v/v) containing a relaxation agent,
chromium(III) acetylacetonate, and an internal standard, N-hydroxy-5-norbornene-2,3dicarboximide. Pyridine was used as the base to capture the hydrogen chloride liberated during
phosphitylation. The mixture was prepared as follows: The internal standard (21.5 mg) and
relaxation agent (5.76 mg) were dissolved in Py/CDCl3 (1.16 g) solvent mixture. The concentration
of the internal standard was calculated to be 1.81%. For depolymerized products, the non-volatile
solid from lignin depolymerization was obtained in the same way as for 13C-NMR. A sample (~40
mg) was dissolved in 1.0 mL Py/CDCl3 in a small vial containing a small stir bar, then an
accurately weighed relaxation agent/ internal standard solvent mixture (~100 µL) was added and
the mixture was stirred for 30 min at room temperature. A phosphorylating agent (~200 µL), 2-
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chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP), was added and the mixture was
stirred for another 30 min. The reaction mixture was then transferred into a NMR tube for

31

P-

NMR analysis. Since the phosphorous reagent was moisture sensitive, all the operations were
carried out under protection of argon. Quantitative

31

P-NMR analysis was carried out on a 500

MHz Varian spectrometer. We employed an inverse gated decoupling pulse to eliminate the
nuclear overhauser effects for quantitative purposes, using a 90°pulse, 15s pulse delay, and 256
acquisitions at room temperature. The TMDP hydrolysis product signal (132.2 ppm) was chosen
as a reference.
3.4

Results and discussion

3.4.1 Catalytic depolymerization of organosolv poplar lignin (OPL)
OPL depolymerization was performed by CuPMO at 300 °C for 3 and 6 h. In MeOH,
depolymerization presumably occurs by solvolysis of aryl-ether bonds, giving lower molecular
weight fragments,14-16 facilitating transport and adsorption of these lignin fragments. In the
presence of CuPMO catalyst, surface reactions with H2 promote selective depolymerization of

Scheme 3-1. Proposed mechanism of lignin breakdown in MeOH/DMC with matured Cu 20PMO.
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these lignin fragments into monomeric units, preventing competing pathways. It is important to
note that whether the catalyst is present or not, some alcoholysis will occur (Scheme 3-1).
The term “unprocessed" product mixture will refer to liquid samples collected from the
reaction, while "non-volatile" product mixture refers to liquid samples from which the solvent was
removed. For comparison, we examined the product distributions with/without the CuPMO
catalyst in both MeOH and MeOH/DMC. The weight percent of the recovered non-volatile product
mixture from OPL depolymerization in MeOH with and without catalyst was about half (24 and
37 wt %) that determined for depolymerization in MeOH/DMC with and without catalyst (50 and
59 wt %). In the absence of catalyst, considerable char formation was observed in each medium
(35 and 32 wt % in MeOH and MeOH/DMC). No char was observed when the catalyst was present.
In the gas products, more CO2 and less H2 were generated for reactions in MeOH/DMC compared
to MeOH. NMR analysis was performed only on the product mixtures generated in MeOH and in
MeOH/DMC with CuPMO at 3 h.
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3.4.2 GPC analysis
GPC analysis was performed on untreated OPL as well as unprocessed and non-volatile
products generated in MeOH and in MeOH/DMC with and without CuPMO at 3 h. There was
almost no difference between the observed chromatographs for the unprocessed and non-volatile
products, meaning that product distributions were not seriously affected by the solvent removal
step. Relative molecular weight values, including the number average molecular weight (Mn),
weight average molecular weight (Mw), and polydispersity index (PDI = Mw/Mn), were determined
based on a polystyrene standard calibration curve. These data are summarized in Table II-1
(Appendix II). The high PDI for all samples indicates the broad distribution of molecular weights.
However, the Mn for each depolymerized sample (320-430 g/mol) is ~3-4 times lower than that of

Figure 3-1. GPC chromatograms for untreated and depolymerized samples. Inset: number average
(Mn) and weighted average (Mw) molecular weight for the samples shown.
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untreated OPL (1,290 g/mol). The Mw is considerably larger for product mixtures from runs
without CuPMO (630-720 g/mol) than from reactions with catalyst (400-510 g/mol) (Figure 3-1).
3.4.3

1H-NMR

and HSQC

The decrease in molecular weight can be attributed to solvolytic fragmentation and catalytic
hydrogenolysis of the lignin. This attribution is supported by 1H (Figures 3-2) and 2D 1H-13C
HSQC (Figure 3-3) NMR data on the non-volatile products of lignin depolymerization with

Figure 3-2. Proton percentage (%) distribution for untreated OPL, depolymerized lignin in
MeOH solvent with/without Cu20PMO, and depolymerized lignin in MeOH/DMC solvent
with/without Cu20PMO in 1H NMR spectrum

CuPMO in MeOH and MeOH/DMC. These data show a large decrease in the chemical shifts
associated with both the aliphatic propyl moieties (i.e., β- and γ-carbon) that comprise part of
various aryl-ether linkages. The 1H-NMR spectra confirmed that the vacuum processing removed
the MeOH and DMC, but it is likely that some volatile products were also removed. Thus, the 1H-
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NMR analysis provides information about only the molecular products with relatively low
volatility at 35 °C and 0.1 Torr.

Figure 3-3. HSQC-NMR spectra and the assignments (with key above) for untreated OPL and its depolymerized product.
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3.4.4 Quantitative 31P-NMR
A quantitative 31P NMR analytical method was used to evaluate the types of free –OH groups
present in untreated OPL and in the non-volatile products from the catalyzed reactions in MeOH
and in MeOH/DMC. This analysis involved phosphorylating the free –OH groups of the samples
with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP). The
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P chemical shifts and

integration regions for the phosphorylated aryl/alkyl hydroxyl groups were recorded and analyzed
by published procedures used to analyze the hydroxyl functional groups present in lignins and in
pyrolysis oils (Appendix II, Table II-2). This quantitative method determines the amounts (mmol)
of different –OH functional groups per gram of sample. Figure 3-4 shows the results of such
experiments with untreated OPL and with the non-volatile products from the catalytic
depolymerization of OPL in MeOH and in MeOH/DMC after reaction for 3 h. These data indicate
the removal and disruption of the 1°and 2°alcohols of the alkyl chains linking the aromatic units
of lignin upon depolymerization.
Hydrogenolysis of lignin aryl-ether linkages generates phenols, principally syringyl and
guaiacyl terminated fragments. The relatively high content of syringyl units seen in Figure 3-4 for
the depolymerization products is consistent with the higher degree of oxygenation in hardwoods,
such as poplar.15 For reactions in the MeOH/DMC co-solvent, lower quantities of syringyl (~142.7
ppm) and guaiacyl (140.2-139.0 ppm) –OH are seen relative to reactions in MeOH, reflecting the
O-methylation of these species in the co-solvent system. Notably, increased carboxylic acid (136133.6 ppm) –OH content is seen in catalytically depolymerized lignin.
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Figure 3-4. Quantification of the OH functional group content (mmol/g) using the 31P NMR technique with
organosolv poplar lignin, and products of OPL depolymerization in MeOH and in MeOH/DMC. The bars
for each experiment are presented in the order shown at the top.

The 31P NMR spectra of the products from OPL depolymerization in MeOH or MeOH/DMC
show no evidence of C5 substituted or condensed phenolic alcohols, which are formed by
recombination of depolymerized compounds. This absence further confirms that CuPMO is
effective in suppressing repolymerization of reactive intermediates, thus preventing char
formation.
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3.4.5 Quantitative 13C-NMR
13

C NMR analyses were also performed on DMSO-d6 solutions of untreated OPL and the two

non-volatile product mixtures. The method was based on the chemical shifts determined by Ben
et al. to characterize functional group carbons of lignin and pyrolysis oil products (Appendix II,
Table II-3).1,2

Figure 3-5. 13C NMR spectrum in DMSO-d6 of untreated organosolv poplar lignin, with peak assignments.

The 13C NMR spectrum of untreated OPL is shown in Figure 3-5. In the 13C NMR spectra of
non-volatile product mixtures, a number of peaks were detected in the region from 40-0 ppm,
indicating the presence of aliphatic carbons (Appendix II, Figure II-2). These peaks may be due to
non-volatile aliphatic moieties or to alkyl substituents on aromatic lignin fragments. Based on
integrations of the aliphatic (90-0 ppm) and aromatic (160-100 ppm) regions, the two non-volatile
product mixtures have lower aromatic carbon percentages than the untreated OPL. This result
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implies the occurrence of some hydrogenation of aromatic ring in both cases; however, the
percentages of aromatic carbons are significantly higher and those of aliphatic carbons are lower
in the non-volatile product mixture from MeOH/DMC compared to those generated in MeOH.
Figure 3-6 compares the relative percentages of carbons in different functional groups,
according to the

13

C NMR analysis, for untreated OPL and for the non-volatile products from

Figure 3-6. Distribution of carbons (in percent) based on 13C NMR data for untreated OPL and the products of
depolymerized OPL in MeOH, and in MeOH/DMC solvent.

CuPMO-catalyzed OPL depolymerization in MeOH and MeOH/DMC. Almost no aliphatic carbon
associated with C-O bonds (95.8-60.8 ppm) remains in the two catalyzed samples, indicating that
the cleavage of the aliphatic-ether linkages is nearly quantitative. The 13C NMR experiment also
revealed lower percentages of aromatic C-O (166.5-142.0 ppm), aromatic C-C (142.0-125.0 ppm),
and aromatic C-H (125.0-95.8 ppm) carbons in the product mixture generated in MeOH than that
in MeOH/DMC. These results are consistent with observations from simpler models, showing that
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DMC can intercept phenolic intermediates via O-methylation, thereby reducing reactivities of the
aromatic centers toward hydrogen. The greater percentage of aromatic methoxyl carbons (60.855.2 ppm) in the MeOH/DMC product reinforces this conclusion.
3.4.6 GC-MS analysis
GC-MS analysis of the unprocessed products from the four lignin depolymerization reactions
(with/without CuPMO and with/without DMC, each for 3 h at 300 oC) is summarized in Appendix
II, Table II-4. Listed are the major and identified products (>80 % match to the MS database).
Compared to the catalyzed depolymerization, OPL reactions without catalyst gave a liquid fraction
with much wider product distributions of random aromatic and aliphatic compounds, in addition
to considerable char. The reaction in MeOH with CuPMO showed largely phenolic products,
whereas analogous methoxybenzene compounds were the principal products in MeOH/DMC.
When studied over a longer reaction time (6 h), the product yields from the catalytic
depolymerization of OPL were significantly greater. The GC-MS data showed that products
generated in MeOH demonstrated considerable secondary hydrogenation to aliphatic compounds
and significant broadening of the product distribution. In contrast, a narrower distribution was
evident from the reaction in MeOH/DMC, and this result can be largely attributed to the
methoxybenzene products’ remaining intact (Figure 3-7 and Appendix II, Figures II-3). The total
yield of aromatic compounds in the MeOH/DMC system was improved more than 4 times over
the total yield of aromatic compounds in the MeOH system. Meanwhile the yield of aliphatic
compounds was reduced by more than three-fold in MeOH/DMC, compared to MeOH (Appendix
II, Figure II-3).
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Figure 3-7. GC-MS chromatograms of liquid products from OPL depolymerized by 6 h reactions with
CuPMO in MeOH (top) and in MeOH/DMC (bottom). Some more abundant components are labeled to
illustrate the differences.
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3.5

Conclusions

The yield of aromatic products from the CuPMO-catalyzed reductive depolymerization of OPL
was substantially increased by the addition of DMC. Multiple NMR (1H, 13C, and 31P) and GCMS techniques proved that reactive alkylphenols undergo selective O-methylation to form
alkylmethoxybenzenes, which are less reactive toward hydrogenation of aromatic rings, thereby
preserving aromaticity and reducing unwanted product proliferation.

13

C-NMR analysis showed

complete disappearance of aliphatic C (O adjacent) that represented the aryl ether linkage in OPL,
which implied the cleavages of C-O bonds. Meanwhile, in the MeOH/DMC system, the increasing
of methoxy-aromatic carbon and the C-, H-, and O-adjacent aromatic carbon indicated that
aromatic production was improved as O-methylation occurred.

31

P-NMR results demonstrated

aromatic –OH content was enhanced while aliphatic –OH content was reduced after
depolymerization via CuPMO. In addition, the aromatic –OH content in MeOH/DMC system was
significant less compared to the MeOH system, which implied the occurring of O-methylation on
phenyls. Hence, DMC was as effective at preventing unwanted hydrogenation of aromatic product
on real lignin as on the lignin model polymer studied in Chapter 2.
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4

Chapter 4: Positive matrix factorization analysis of low molecular weight products from
lignin polymerization by hydrogenolysis via copper-doped porous metal oxides in a
MeOH and dimethyl carbonate mixture

This chapter was partially adapted from the following manuscript in preparation for publication:
Y. Gao, M. J. Walker, J. A. Barrett, O. Hosseinaei, D. P. Harper, P. C. Ford, B. J. Williams, and
M. B. Foston, “Analysis of the gas chromatography/mass spectrometry data for catalytic lignin
depolymerization using positive matrix factorization”, Green Chemistry, 2018

4.1

Abstract

GC-MS is applied not only to determine the composition of the lignin depolymerization
products but also to develop an understanding of catalytic reaction pathways and relationships
among catalyst design, reaction conditions, and product distributions. However, due to the high
complexity of lignin, the depolymerization product of lignin can contain a wide distribution of
compounds. The analysis of lignin depolymerization products with GC-MS is limited by the
quality and scope of the mass spectral library and the ability to correlate changes in GC-MS data
to catalyst and reaction parameters. In this study, GC-MS data of the depolymerization products
generated from MeOH-soluble and -insoluble organosolv poplar lignin using a CuPMO catalyst
with and without the addition of DMC was analyzed using a factor analysis, positive matrix
factorization (PMF). A 12-factor solution was used to explain the chemical changes occurring to
lignin depolymerization products as a function of lignin, reaction time, presence of CuPMO, and
presence of DMC. Overall six factors were found to be aromatic (Factors 1, 2, 5, 6, 7, and 8), while
only one of the factors was aliphatic (Factor 3). According to the PMF solution, unwanted
hydrogenation started to be observed after 3 h of reaction. The overall aromatic factors showed
that DMC is effective in preventing the hydrogenation and maintaining the aromaticity of products.
However, compounds from Factors 7 and 8 showed a decrease of abundance of aromatic products
in the MeOH/DMC system after 9 h of reaction.
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4.2

Introduction

In previous chapters, CuPMO was proved can selectively breaking C-O bonds in lignin
by catalytic hydrogenolysis and generating major phenolic products However, at the
conditions required for lignin deconstruction, lignin is likely to undergo any undesired side
reaction. Thus, monitoring the lignin depolymerization process and understanding reaction
networks can be crucial cornerstones for the rational design of catalyst to improve the
selectivity and yield of value-added products.
Lignin depolymerization typically involves generating liquid products with a wide
distribution of compounds, which makes the product of lignin depolymerization
particularly difficult to characterize. This complexity poses obstacles to better the
understanding of lignin depolymerization. With a much simpler product stream, synthetic
model compounds with different lignin substructures have been used to study the reaction
network and kinetics of lignin depolymerization for testing the performance of catalysts.
Lignin model compounds have demonstrated promising results in illustrating catalyst
performance. Even the depolymerization of lignin model polymer was studied in Chapter
2, the detail structure of lignin, which can potentially impact on lignin depolymerization
behavior, are still not completely represented by lignin model polymer. The performance
of catalytic systems varies substantially with lignin from different origins and extraction
methods, which can hardly be represented by model compounds.4-6 Hence, another
approach, understanding the catalyst performance and reaction network during lignin
depolymerization, is to seek better tools to characterize lignin-derived products.
Characterization techniques for lignin-derived products are powerful tools for
determining catalyst performance in real lignin depolymerization systems. For example,
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functional group analysis by NMR techniques, such as quantitative

13

C-, quantitative 31P-,

and HSQC, are widely used to identify major lignin structural changes during
depolymerization for investigation of catalyst performance. Instead of identifying the
specific structure of individual products from lignin depolymerization, NMR techniques
offer an examination of the whole product mixture and quantitatively determine the
functional group changes of lignin to study the activity and selectivity of a catalyst in
converting lignin to useful products, as demonstrated in Chapter 3.
GC-MS is the most effective and frequent used technique to identify and quantify ligninderived low MW products. The manual and detailed comparative analysis of GC-MS
chromatographs for a small number of different lignin depolymerization products,
comparing their compositional distributions, is commonly performed. However, this work
is intensely time-consuming and not suitable for probing large numbers of samples. Most
importantly, the complexity of and time it takes to manually compare GC-MS data of lignin
depolymerization products, limits the opportunity to understand the complex set of
reactions occurring during catalytic lignin depolymerization and how those reaction might
change as a function of several key process parameters (e.g., biomass source, reaction
conditions, or catalyst). Moreover, the specific structures of a significant number of low
MW products are hard to identify due to limited mass spectral databases. As a result, only
limited analysis of lignin-derived low MW products can be performed.
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This chapter focuses on applying the PMF technique to analyze GC-MS data by
grouping products according to the similarity of their mass spectral features (ion
fragments). Thus, all products that is detectable by GC-MS, including unidentified and
unresolved compounds, can also be characterized with their major structural information,
resulting improved lignin-derived low MW product analysis. Positive matrix factorization,
like other factor analysis techniques, attempts to reduce the dimensionality of a complex
dataset and includes non-negativity constraints and uncertainty-weighting to provide
environmentally-relevant solutions.20,21 PMF has been widely used in the atmospheric
chemistry community to analyse bulk mass spectrometry measurements, and has recently
been extended to more chemically-resolved GC-MS measurements of organic aerosol
composition (see Figure 4-1).

Figure 4-1. Schematic diagram of positive matrix analysis on GC-MS data.

In Chapter 3,1 DMC was shown to be effective at preventing aromatic ring reduction and
increasing aromatic product yield for depolymerisation reactions of OPL with CuPMO in
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MeOH. In this chapter, further investigations of lignin depolymerization processes are
performed. Reactions were conducted with MeOH-soluble hybrid poplar (HPMS) and
MeOH-insoluble hybrid polar (HPMIS) lignin, over a time range of 1-9 h with and without
CuPMO present and with and without DMC added. PMF analysis was applied to the GCMS data from the liquid products.
4.3

Materials and methods

4.3.1 Materials
Analytical grade MeOH and reagent grade DMC were used as purchased from SigmaAldrich. Analytical grade decane was also purchased from Sigma-Aldrich and used as an
internal standard for GC-MS characterization and PMF analysis. Lignin used in this work
was extracted from Populus spp. biomass. The CuPMO catalyst used in this work was
synthesized by following the same procedure described in Chapter 2.1,24-27

4.3.2 Lignin depolymerization.
The lignin depolymerization reaction was conducted in stainless steel bomb reactors
with an internal volume of ~ 10 mL, which were lab-made from a ¾ in. Yor-Lok straight
union and two ¾ in. Yor-Lok caps purchased from McMaster-Carr. The reaction system
and reactor design were adapted from previous work by Prof. Peter Ford’s group. Each
reactor was charged with 100 mg of HPMS or HPMIS and 100 mg of CuPMO catalyst.
Either MeOH (3 mL) only or pre-mixed MeOH and DMC (2:1 ratio, 3 mL) solution, both
with decane (1.76 µL) as an internal standard, was added into the reactor as solvent. The
reactor was heated in an isotherm muffle furnace (Thermo Fisher Scientific) at 300 °C for
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reaction times of 1, 2, 3, 6, and 9 h. A series of reactions on the same substrates without
catalyst in MeOH was also performed as controls for the same time points. Reactors were
quenched in an ice water bath. Then, reactors were left on the bench to reach room
temperature before being opened. Gas products were collected by an inverted graduate
cylinder, which was pre-filled with water. The volume of gas products was measured by
the replacement of water by gas collected in the cylinder. Gas composition was determined
by GC-TCD. Solid residues and liquid products were separated by a vacuum filtration
apparatus with a 0.45 µm nylon membrane filter. Solids were further washed by analytical
grade MeOH, portion by portion, until the total liquid products volume was 20 mL. Liquid
products were collected for GPC and GC-MS analysis. Solid residues were further washed
by dioxane (5 mL) for three times to extract leftover lignin and undissolved dioxane soluble
products from char and catalyst. Finally, the solids were sent for gravimetric analysis.
4.3.3 Product characterization.
GC-MS was used to characterize the monomeric products from lignin depolymerization.
Specifically, 1 µL of GC-MS sample was injected into an Agilent GC system 7890A
coupled with an Agilent 5975C mass spectroscope with a triple-axis detector. GC analysis
was performed using Restek fused silica RTX-50 capillary column (ID, 0.25 mm; film
thickness, 0.5 µm; and length, 30 m) with the following program: 2 min at 35 °C, then
ramped at 5 °C/min up to 300 °C for 5 min, with helium as the carrier gas (splitting ratio:
10:1). Decane was used as internal standard for GC-MS analysis. GC-MS data was
exported and analyzed through ChemStation Software. Identification of the compounds
was carried out by comparing the mass spectra obtained with those from a system database
(PAL600k, Palisade Corporation, USA).
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GPC analysis was performed to determine the molecular weight distribution of the liquid
products. In a Waters e2695 system with a 2489 UV detector (260 nm), a three-column sequence
of WatersTM Styragel columns (HR0.5, HR1, and HR3) was used for the analysis.
Tetrahydrofuran (THF) was used as eluent, and the flow rate was 1.0 mL/min. 1 mL of raw liquid
product was first filtered to a 2 mL HPLC vial through a 0.45-μm nylon membrane filter, and 50
µL of this sample was injected into the instrument. Molecular weights (Mn and Mw) were calibrated
against a polystyrene calibration curve. A calibration curve was constructed by fitting a third-order
polynomial equation to the retention volumes obtained from six narrow polystyrene standards and
two small molecules (diphenylmethane and toluene) ranging in molecular weight from 92 to 3.4 ×
104 g/mol. The curve fit had an R2 value of 0.99.
Gravimetric analysis was conducted on the solids residues after dioxane washes. The
thermogravimetric analyses were carried out in a Q5000 TGA instrument (TA instrument). ~5-10
mg dry solid samples were placed onto a platinum TGA pan. Furnace was programed to heat to
900 °C in 2 mins with air (ultrazero grade) flowrate of 10 mL/min and nitrogen flowrate of 25
mL/min. Furnace was held at 900 °C for additional 10 mins until no further changes in sample
weight observed. Weight loss percentages were recorded to calculate the catalyst content in the
solid residues. To determine the char formation, nitric acid digestion was performed on the solid
residue as described in Chapter 2.
In order to quantify the gas contents, 100 µL of raw gas products was manually injected into
the gas chromatography system (GC, 6895N, Agilent Technologies) coupled with thermal
conductivity detector (TCD, G1532, Agilent). Inlet temperature was set to 250 °C. Supelco
Carboxen-1010 PLOT column (ID, 0.32 mm; film thickness, 3 µm; length, 15 m) was used with
an isotherm method at 75 °C for 10 mins. Helium was used as a carrier gas. Gas products were
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identified and quantified by the standard gas mixture comprising H2, CO, CO2, CH4, O2, and N2 in
helium (Supelco).
4.3.4 PMF analysis.
Positive matrix factorization takes an input data matrix, 𝑿(n x m), and separates the data
into a time series matrix, 𝑮 (n x p), and a factor profile matrix, F (p x m), where p is the
user-specified number of factors in the solution. To ensure mathematical continuity, a
residual matrix, 𝑬 (n x m), contains the portion of the input data that cannot be captured by
the factors (equation 1).
𝑿 = 𝑮𝑭 + 𝑬.

[1]

The determination of the factors is achieved through the minimization of a function, 𝑸,
which is the sum of uncertainty-weighted squared residuals:
2

𝑗=1 𝑒𝑖𝑗
2 , such
𝜎𝑖𝑗

𝑄 = ∑𝑖=1
𝑛 ∑𝑚

that 𝑔𝑖𝑘 ≥ 0 𝑎𝑛𝑑 𝑓𝑘𝑗 ≥ 0,

[2]

where 𝑒𝑖𝑗 is the residual for a given value 𝑥𝑖𝑗 , and this is weighted by 𝜎𝑖𝑗 , which corresponds
to the standard deviation of the measured value. Constraining 𝑔𝑖𝑘 and 𝑓𝑘𝑗 to positive values ensures
that nonsensical, negative solutions are not obtained.
Before we performed PMF analysis, preprocessing of the GC-MS data was required, and was
carried out in a custom software package developed within Igor Pro (version 6.37, Wavemetrics,
Inc.). A chromatogram binning approach, described in detail previously,22,28 decreased the
computational burden of solving the PMF model, and bins were composed of 5 sequential mass
spectral scans. In total, 667 bins for each of the 30 chromatograms were constructed, corresponding
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to retention times of 8.97-44.76 minutes for each sample. The included mass spectra, which
comprised the columns of the input data matrix, ranged from 30-600 Th.
One of the most challenging aspects of conducting PMF analysis on entire chromatograms
worth of data is coming up with appropriate uncertainty estimates (𝜎𝑖𝑗 ) for all input data values.
Building upon previous efforts to use PMF on datasets from GC-MS work, we calculated the
uncertainties as
2 × 𝑀𝐷𝐿𝑖𝑗 , 𝑖𝑓 𝑥𝑖𝑗 < 𝑀𝐷𝐿𝑖𝑗
𝜎𝑖𝑗 = {
.
2
2
√(𝑥𝑖𝑗 × 𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛) + (𝑀𝐷𝐿𝑖𝑗 ) , 𝑖𝑓 𝑥𝑖𝑗 > 𝑀𝐷𝐿𝑖𝑗

[3]

Here, 𝑀𝐷𝐿𝑖𝑗 , is a detection limit estimate dependent on the retention time and the mass-tocharge ratio. It is based on an oven blank chromatogram. Precision is an estimate of the
reproducibility of the instrument (10% for this study).
In addition, the data within the input matrix were corrected for retention time shifts across
chromatograms. The data correction included background subtraction from corresponding blank
chromatograms, and the date were scaled according to the abundance of the decane internal
standard to make the resulting factors comparable across all experimental conditions.
The PMF calculations were carried out in another custom software package (PMF Evaluation
Tool, version 2.08D) within Igor Pro, which utilizes the PMF2 solver.19 To prevent an oversized
impact from low abundance data within the matrix, m/z values with a signal-to-noise ratio (SNR)
of less than 2 had their uncertainty values increased by a factor of 2, and values with SNR < 0.2
were excluded from the analysis entirely, as reported previously.29
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4.4

Results and discussion

Non-catalyzed solvolytic depolymerization of lignin occurs in the presence of hydrogen donors
such as acetone, ethanol, or water at near supercritical conditions.15 However, a high yield of
monomeric units from alcoholysis is opposed by competing pathways: 1) gasification, 2)
repolymerization (cross-linking or condensation) eventually leads to char, and 3) other secondary
reactions (such as aromatic reductions) that broaden the liquid product distribution15,30. As
discussed in Chapter 3, non-catalytic MeOH solvolysis solubilized lignin and facilitated transport
of lignin fragments to the surface catalyst particles. Thus, whether the catalyst is present or not,
some alcoholysis will occur. However, catalyst mediated reactions between lignin oligomers and
H2 promote selective depolymerization into monomeric units, minimizing competing pathways.
As a result, studies were conducted on both soluble and insoluble lignin (i.e., HPMS and HPMIS
lignin) fractions, conducting depolymerization reactions without catalyst in MeOH (no catalyst),
with CuPMO in MeOH (MeOH), and with CuPMO in a MeOH and DMC mixture (MeOH/DMC).
The studies were done in a time-resolved fashion, collecting products at 1, 2, 3, 6, and 9 h. Gaseous
products from MeOH reforming and lignin depolymerization were analyzed by a GC-TCD. Solids
residues remaining after lignin depolymerization were analyzed by using dioxane extraction and
TGA. MeOH soluble lignin and (liquid) lignin depolymerization products were analyzed by GPC
and GC-MS. PMF analysis of the GC-MS data was then applied to understand how lignin
solubility, reaction time, and the presence of CuPMO and/or DMC affects the low MW product
distribution of lignin depolymerization.
In our previous work,1 phenolic intermediates from hydrogenolysis of lignin underwent
hydrogenation and lost valuable aromaticity after longer reaction times. There, the GC-MS results
showed a promising retention of aromaticity for low MW products when DMC was added as a
80

phenol capping agent. Model compounds studies showed that anisole derivatives undergo
reduction much slower than phenol derivatives. However, in this effort, the analysis of GC-MS
results is challenging due to the number of detectable compounds and the uncertainty of the
chemical structure assignment for many of those detected compounds. Compared to traditional
(manual) peak integration and assignment analysis for GC-MS data, the combined binning and
PMF analysis significantly reduces in the time required to complete processing, and can be used
to chemically classify compounds not in the MS library and to analyze the unresolved complex
mixture (UCM).
4.4.1 PMF analysis.
PMF and principal component analysis (PCA) are similar types of factorization analysis that
seek to identify the dominating factors that cause variation within a set of data. PMF is a bilinear
unmixing model in which a data set matrix is assumed to be comprised of the linear combination
of factors with constant profiles that have varying contributions across the data set. While PMF
and PCA are somewhat similar in their outcomes, PMF constrains its factor results to positive
values, does not require the factors to be orthogonal, and better accounts for measurement
uncertainty. When applied to GC-MS data sets, PMF analysis additionally involves a
chromatographic binning technique, allowing for rapid analysis that yields both an average mass
spectrum and chromatogram for each factor.
The combined binning and PMF analysis of the GC-MS data from triplicates of the 30 lignin
depolymerization conditions conducted in this study resulted in a set of solutions where the total
number of factors within a solution is specified by the user. Therefore, the selection of a particular
solution still requires a subjective choice by the user, which needs to be informed by an
understanding of the samples input to PMF. Ultimately, a 12-factor solution was chosen, which
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provided sufficient insight into the chemical composition of the low MW products, but did not
result in an excess of factor-splitting that can occur when higher factor solutions are obtained. For
a given factor from the 12-factor solution, a reconstructed mass spectrum is the defining feature of
the factor, which effectively groups chromatographic sections that have similar mass spectral
fragmentation patterns. From the temporal trends of the factors, further post-processing of the data
can provide an average chromatogram, again affording insights into the specific compounds that
are contributing to a factor, based on their retention time (Figure 4-2). In combination, the mass
spectral data and retention time information from the reconstructed chromatograms are used to
identify a given factor. Additionally, the entire loading of a given factor for a given sample can be
calculated to readily compare the impacts of different experimental conditions.
The 12 identified factors include both resolved and unresolved components of the low MW
products. For the factors that have resolved peaks in the reconstructed chromatograms, some level
of compound identification is possible based upon the given retention time and mass spectral
database searches using the Palisade Complete Mass Spectral Database (600 K edition, Palisade
Mass Spectrometry, Ithaca, NY). Given the reliance on differences in mass spectral fragmentation
patterns in separating the factors, it is important to note that a single compound may contribute to
more than a single factor if its fragmentation pattern is properly represented by the summation of
multiple factors’ mass spectra.
Factors 1 and 2 are comprised of primarily low polarity aromatic compounds. The aromatic
compounds within Factor 1 have relatively high abundances of m/z 39 and 65 within their spectra.
This factor is on average 98% higher in the MeOH soluble fraction than in the MeOH insoluble
fraction for a given set of experimental conditions. Factor 2 is characterized by mass spectral
fragments indicative of aromatic compounds coming from benzyl rings (m/z 39, 51, 77, 91), and
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the abundance of this factor tends to increase as a result of increasing reaction time for both the
MeOH and MeOH/DMC systems.
Both Factors 5 and 6 also feature resolved aromatic compounds, and the compounds associated
with these factors tend to be more polar than those from Factors 1 and 2, with additional carbonyl
and carboxyl functional groups. Factor 5 has a mass spectrum that features smaller fragments than
Factor 6, which are particularly prominent in the 6 and 9 h MeOH samples and the 9 h
MeOH/DMC sample.
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Figure 4-2. Reconstruced GC chromatogram and mass spectra for factor 7 & 8; Structural feature was defined as dimethoxy benzyl
for factor 7 (top) and as trimethoxy benzyl for factor 8 (bottom). Inset: individual compound structure in factors was verified by
Palisade Complete Mass Spectral Database.

More specific classes of aromatic compounds are found from Factors 7 and 8, which are
indicative of dimethoxy and trimethoxy benzyllic compounds, respectively. The m/z 151 fragment
(C9H11O2+) is very distinct within dimethoxy benzyllic compounds, and makes up over 50% of the
mass spectral profile for this factor. The trimethoxy benzyllic compounds within Factor 8 are
similarly characterized by m/z 181 (C10H13O3+), and these two factors are predominantly found in
the MeOH/DMC samples at higher reaction times (Figure 4-2).
Two of the factors, Factors 3 and 9, feature less well resolved features within the
chromatograms. Factor 3 is primarily low retention time UCM, with mass spectral features
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indicative of substituted aliphatic fragments (m/z 39, 41, 43, 55, 57), and is seen in the greatest
abundance in the high reaction time MeOH samples. Conversely, Factor 9 features higher retention
time UCM, which still shows some characteristics of these lower m/z fragments, but also has a
large contribution from the m/z 77, 91, and 105 fragments that are more indicative of aromatic
compounds.
The remaining factors can be assigned as measurement artifacts, which persist even after the
background subtraction pre-processing. Factor 4 distinctly comes from air within the GC-MS, with
m/z 32, 40 and 44 coming from oxygen, argon, and carbon dioxide, respectively. The variation in
abundance of Factor 4 across the different samples is largely driven by the scaling differences
introduced with the internal standard normalization. The column bleed from the GC column is the
defining feature of Factors 10-12, and the variation in abundance across samples is driven by how
similar the subtracted blank sample was to a given sample. Details of the reconstructed GC
chromatograms and mass spectra for all 12 solution factors are given in the Supplementary
Information.
In order to verify the feature assignments of the factors obtained from PMF analysis, peaks
from the PMF-reconstructed GC chromatogram for each factor were identified by comparing the
MS fragmentation patterns of the peaks from the original GC chromatogram at the same retention
time to the MS library. Due to the limited number of known compounds in the MS library, and the
incomplete resolution of the chromatography method, not all peaks could be assigned with a high
level of certainty (> 90%) to the MS library. However, the majority of identified peaks suggested
that the classifications of the factors based on the reconstructed MS are reliable (see Figure 4-2).
A complete list of MS library-identified compounds from the original GC chromatogram of all 30
samples is provided in Table III-3 (Appendix III).
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4.4.2

Application of PMF Analysis to Lignin Depolymerization Products.

The overall aromatic compounds production was obtained by combining all the aromatic factors
(Factors 1, 2, 5, 6, 7, and 8), and compared to only the factor of aliphatic compounds (Factor 3),
as shown in Figure 4-3. The abundances displayed in the average factor chromatograms (Figure
4-3A & 4-3C) are the output PMF values that correspond to the amount of the raw signal that the

Figure 4-3. A) Reconstructed GC chromatogram of all aromatic factors (factor 1, 5, 6, and 7); B) Reconstructed GC
chromatogram of all aliphtic factors (factor 3); C) Yield of overall aromatic products detected by GC-MS of HPMS/HPMIS
lignin depolymerization in no catalyst, MeOH, and MeOH/DMC systems for 1-9 h; D) Yield of overall aliphatic products detected
by GC-MS of HPMS/HPMIS lignin depolymerization in no catalyst, MeOH, and MeOH/DMC systems for 1-9 h.

model apportions to the factor as a function of retention time. By taking the total abundance for a
given set of conditions, the effects of the different depolymerization processes can be more readily
examined. Due to the complexity of the products across the samples, and to differences in the
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sensitivity of the analytical method for different compounds, these abundances cannot simply be
thought of as the masses of the compounds comprising different factors. However, by assuming
compounds within a given factor have different sensitivities within the instrument, then the
comparisons of relative abundances of these banned factors can still provide useful insights into
the different processes occurring as a result of depolymerization (see Figure 4-3B & 4-3D). Future
experiments will attempt to better quantify the factor abundances by coupling the GC-MS
measurements with GC-FID analysis to provide insights into the amount of carbon corresponding
to a given factor.
As demonstrated in Figure 4-3B and 4-3D, compared to non-catalyzed depolymerization over
9 hours of reaction, higher abundances of low MW products (aromatic and aliphatic) were detected
by GC-MS in catalyzed depolymerizations under both MeOH and MeOH/DMC conditions.
Moreover, the overall production of aromatic compounds (mainly monomeric phenyls) in
catalyzed depolymerization was doubled relative to the depolymerization without catalyst at 9 h
of reaction. This increase was due to the catalytic activity of CuPMO on both MeOH reforming
and water gas shift reaction to generate hydrogen, which promoted the hydrogenolysis of the aryl
ether linkage of lignin to form phenolics.1 Catalyzed depolymerization of HPMS/HPMIS lignin in
both MeOH and MeOH/DMC showed increasing production of aromatic compounds as more
hydrogen was produced at longer reaction time, which is discussed in a later section on gas
products. The production of low MW products remained similarly low over 9 h of reaction for
depolymerization without catalyst, which indicated that most of the depolymerized lignin
fragments in liquid products either remained in large molecular size or condensed to larger
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Figure 4-4. Yield of factor 7 products detected by GC-MS of HPMS/HPMIS lignin depolymerization in no catalyst, MeOH, and
MeOH/DMC systems for 1-9 h (top); Yield of factor 8 products detected by GC-MS of HPMS/HPMIS lignin depolymerization
in no catalyst, MeOH, and MeOH/DMC systems for 1-9 h (bottom).

compounds. However, the increasing production of hydrogen in catalyzed depolymerization also
induced undesired hydrogenation of these phenolic products to aliphatics, which was indicated by
the significantly increased abundance of aliphatic compounds in the catalyzed depolymerization
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in MeOH at longer reaction time. Relevantly, for catalyzed depolymerization in MeOH/DMC, a
relatively lower abundance of aliphatic compounds was observed compared to catalyzed
depolymerization in MeOH for long reaction time, which indicated that the hydrogenation of
phenolic intermediates occurred at a slower rate in MeOH/DMC than in MeOH.
Additionally, the following discussion on Factors 7 and 8 from PMF, which represent the Omethylated phenyls, supports higher yields in MeOH/DMC than in MeOH. This correlation further
implies that DMC can effectively maintain the aromaticity of lignin depolymerized products.
However, the yield of aliphatic compounds for catalyzed depolymerization in MeOH/DMC
increased as reaction time became longer, which indicated that depolymerization products had still
lost some aromaticity over long reaction time. Factors 7 and 8 are individually defined by
characteristic features of dimethoxy benzyl and trimethoxy benzyl compounds, which result from
O-methylation of phenolic intermediates from the G and S units in lignin. Compounds in these two
factors had significantly higher yields in the MeOH/DMC system than in the MeOH system, which
demonstrated that DMC is an effective O-methylating agent in preserving the aromaticity of
products (Figure. 4-4).
Moreover, Factor 2, categorized as phenolic and O-methylated phenolic compounds with nonpolar substituents (e.g., alkyls and vinyls), exhibits a similar trend. The MeOH/DMC system
showed higher yields of the aromatic compounds than the MeOH system. Factor 6, categorized as
phenolic and O-methylated phenolic compounds with more polar substituents (e.g., carbonyl and
carboxyl), demonstrated that the MeOH/DMC system accumulated aromatic compounds much
faster than the MeOH system. However, aromatic Factors 1 and 5, which have very similar
structural features to Factors 2 and 6, did not show the same behavior. (Figure 4-5) The possible
cause of this difference is not yet identified, because the details of the distinguishing structural
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features between Factors 1 and 2 and between Factors 5 and 6 remain unclear. However, the total
yields of aromatic products from Factors 1 and 2 together and from Factors 5 and 6 together are
consistent with the trend of overall aromatic production.
In comparison of lignin depolymerization products from HPMS and HPMIS lignin, HPMS
lignin promoted slightly higher yields of compounds in Factors 1 and 2 than HPMIS did. HPMS

Figure 4-5. Yields of low MW products detected by GC-MS from HPMS/HPMIS lignin depolymerization in no
catalyst, MeOH, and MeOH/DMC systems over 1-9 h for factor 1 (A), 2 (C), 5 (B), and 6 (D).

lignin showed faster production of Factor 5 compounds in the MeOH system than HPMIS lignin,
which was possibly due to the higher content of hydroxyl groups in the HPMS lignin. However,
both types of lignin generated similar overall yields of low MW products, which indicates that the
solubility of lignin has low impact on the conversion of lignin to low MW compounds. Conversely,
the solubility of lignin did show a significant effect on the production of large MW products and
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solid products, which are discussed in later sections. Low MW products contribute only ~10-15%
of total liquid products, with the remaining carbon percentage contributed by the large MW lignin
oligomers.25 This difference implies that during the depolymerization process, the conversion of
small lignin fragments to lignin monomeric products is limited only to the turnover frequency of
the catalyst, not to the solubility of the feedstock.
4.4.3 Other products.
Large MW Products. Lignin oligomers are both intermediates in and products of lignin
depolymerization; however, these lignin oligomers are not detectable by GC-MS due to their low
vapor pressures and high oxygen content. Hence, the production of lignin oligomers was examined
by GPC analysis. Untreated lignin and their depolymerized liquid products were directly injected
into the GPC. Relative molecular weight values, including number-average molecular weight
(Mn), weight-average molecular weight (Mw), and polydispersity index (PDI = Mw/Mn), were
determined based on GPC retention times and a polystyrene standard calibration curve. A higher

Figure 4-6. GPC chromatograms for untreated and disassebled HPMS/HPMIS lignin in no catalyst, MeOH, and MeOH/DMC
system for 1-9 h.
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PDI means a broader distribution of molecular weights. Lignin depolymerization with CuPMO
occurred faster than in cases without catalyst. Catalyzed depolymerizations showed lower
abundances than no-catalyst depolymerization in one hour of reaction, in the broad
chromatographic peak from ~22-30 min, which represents the relative quantity of high molecular
weight lignin (Mn ~1000 g/mol). After two hours of reaction for the catalyzed samples, the broad
peak was almost completely shifted to higher retention time (Figure 4-6). Also, compared to the
catalyzed depolymerization, lignin depolymerization without catalyst generated fewer low MW
compounds, which eluted after 35 min (Mn ~130 g/mol), which is consistent with the low yield of
low MW products detected by GC-MS. The presence of DMC increased the relative abundance of
low MW products (~36 min) at 1 h reaction, which reconfirmed the higher production of low MW
compounds in the catalyzed depolymerizations compared to the no catalyst depolymerization
observed from PMF analysis. Moreover, compared to the MeOH system, the MeOH/DMC system
showed a smaller peak shifting to low retention time after 3 h reaction, which indicates prevention
of condensation of products. Although HPMIS lignin depolymerization products showed a higher
rate of recondensation than HPMS lignin, the MeOH/DMC system still demonstrated a lower
degree of recondensation of product than the MeOH system
Solid products. Raw solid residues from each set of individual reactions were first
separated from liquid products by filtration. Dioxane was used to extract a portion of the
dioxane-soluble (MeOH-insoluble unreacted or chemically modified lignin) solid products
after lignin depolymerization, because both HPMS and HPMIS lignin dissolve in dioxane.
Dioxane was later removed by rotary evaporation to collect the dioxane-soluble solid
products. For the reactions without catalyst, the leftover solids after dioxane extraction were
mainly composed of char (confirmed via nitric acid digestion). 1 For the reactions with

92

catalyst, dioxane-insoluble solids were quantified by TGA in air at 900 °C. At this
condition, all solids that are not CuPMO are removed. The yields of both fractions were
directly calculated by their dry weight percentage of total lignin substrate (Figure 4-7).

no catalyst

MeOH

MeOH/DMC

Figure 4-7. Carbon balance of all solid products and methanol soluble products from HPMS/HPMIS depolymerization
in no catalyst, MeOH, and MeOH/DMC systems for 1-9h.
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According to the yields of solids, without CuPMO catalyst, char formation was observed
in the first hour of the reaction. Instead of converting lignin into MeOH soluble small
products, the yield of char increased significantly for longer reaction times. HPMIS lignin
generated a higher yield of char than HPMS lignin for the same reaction time. However,
there was no char and dioxane extractable product recovered from the solid residue in the
catalytic depolymerization. The yield of the inextractable solid products was as high as
~40-60 wt% for 1 h reaction. At longer reaction time, the yield of dioxane inextractable
solids decreased to ~10-30 wt% after 9 h reaction, and additional organic matter was
converted into the liquid phase. This observation aligns with our previous GPC results and
the GC-MS results from PMF analysis, in that for longer reaction time, a higher yield of
low MW products was detected in the catalyzed depolymerization than in no-catalyst
depolymerization. In no-catalyst depolymerization, due to re-condensation induced by the
heat, instead of generating low MW products, lignin and its fragments tended to form
products with large molecular sizes or char.
Gas products. Gas products were collected by expanding the gas from each reactor into
an inverted graduated cylinder under room temperature and pressure. The total volume of
the gas products was recorded, and the gas composition was analyzed by GC-TCD with
standard gas (containing H2, CO, CO2, CH4, O2, and N2 in helium, Supelco). Gas is not
formed when the CuPMO catalyst is absent from the lignin depolymerization. Gas products
in both MeOH and MeOH/DMC systems are mainly composed of H2 and CO2, with small
amounts of CO and CH4. Hydrogen production remains similar for both systems, which
reconfirmed our previous discussion that the presence of hydrogen promoted a significantly
higher yield of low MW products in catalyzed depolymerization than no-catalyst
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depolymerization, as demonstrated by PMF analysis. However, the MeOH/DMC system
generated higher amounts of CO2 than the MeOH system due to decomposition of DMC.
The total volume of gas products increases with time for both the MeOH and MeOH/DMC
systems (Figure. 4-8).

Figure 4-8. Yields of H2 and CO2 in mmol and yield of total gas volume in ml within MeOH and MeOH/DMC systems
from depolymerization of HPMS (left) and HPMIS (right) lignin for 1-9 h.

4.5

Conclusions

In summary, a 12-factor solution was determined to better analyze the low MW products
from HPMS/HPMIS lignin depolymerizations via CuPMO, which includes one aliphatic
factor (Factor 3) and six aromatic factors (Factors 1, 2, 5, 6, 7, and 8). According to the
PMF results, Factor 3 showed a significant increase of aliphatic product in the MeOH
system after 3 h of reaction, which indicates the occurring of unwanted hydrogenation.
Conversely, in the MeOH/DMC system, Factors 2, 6, 7, and 8 showed significant enhanced
production of aromatic products after 3 h of reaction, which indicated the DMC is an
effective trapping agent for phenyls via O-methylation. However, Factors 7 and 8 also
showed a decreased aromatic production at 9 h of reaction, which implied that Omethylated intermediates could still undergo secondary reactions when the reaction time is
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long. On the other hand, although CuPMO catalyst is very effective in preventing char
formation, re-condensation was still observed in the catalytic depolymerization of
HPMS/HPMIS lignin after 6 h of reaction based on the GPC results. Lastly, results showed
the solubility of lignin has little effect on the production of low MW products, but it has a
substantial impact on the solvolysis of lignin during depolymerization. In addition, lignin
with lower solubility tended to be more easily re-condensed than lignin with higher
solubility.
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5

Chapter 5: Using in-situ MSA ssNMR to study lignin model polymer depolymerization
via palladium and nickel catalysts on an alumina support

This chapter was partially adapted from the following manuscript in preparation for publication:
Y. Gao, A. Chamas, H, Duan, S. Barton, E. Walter, D. Hoyt, Q. Long, N. Washton, S. Scott, and
M. B. Foston, “Monitoring Lignin Model Polymer Depolymerization via Pd/Alumina and
Ni/Alumina Catalysts by an in-situ MAS Solid-State NMR”

5.1

Abstract

This chapter describes a novel technique, in-situ MAS ssNMR, and its application to monitoring
lignin depolymerization reactions. Specifically, lignin model polymer depolymerizations using
nickel and palladium catalysts supported on alumina were studied using in-situ MAS ssNMR and
were able to reveal the macromolecular effect of substrate on depolymerization reaction network
and kinetics. Both low and high molecular weight lignin model polymer was synthesized and used
as a substrate. Depolymerization reaction were conducted using nickel alumina and palladium
alumina catalysts at multiple reaction temperatures. This study discovered that, although low MW
polymer showed similar apparent conversion rates for depolymerizations with/without catalyst at
190 °C, monomers were produced only when catalyst is present, which indicates that the catalyst
is essential for the cleavage of β-O-4 linkage. In addition, the apparent conversion rate of the low
MW polymer in Ni-catalyzed depolymerization was doubled when reaction temperature was raised
from 190 °C to 200 °C. However, at higher temperature than 200 °C, the apparent conversion rate
remained similar due to the changing of rate controlling regimes. Finally, in comparison of Nicatalyzed and Pd-catalyzed depolymerization products, nickel on alumina catalyst showed a
significantly higher selectivity for hydrogenolysis of β-O-4 linkages than the palladium on alumina
catalyst which led a broad product distribution during hydrogenation.
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5.2

Introduction

Mechanistic reaction network studies of lignin disassembly are challenging, because of the
complexity of lignin, the reactions require relatively high temperatures (above 200 °C) and
pressures (above 80 bar), as well as, the co-existence of solid, liquid, and gas phases. Reaction
monitoring by conventional techniques, such as GC-MS,2-5 liquid chromatograph-mass
spectrometry (LC-MS),6-8 and regular solution-state NMR,9-13 can only be done ex-situ. Thus, this
type of techniques when conducted ex-situ in a time-resolved fashion have course time resolution
due to resource and time limitations. For example, a high-temperature/pressure NMR experiment
conducted on a

13

C-enriched β-O-4 model compound with CuPMO indicated the existence of a

short induction period for β-O-4 cleavage that was not detected with ex-situ experiments (due to
lack of time resolution).14 In addition, there may be reaction intermediates or information about
interactions between the solvent, substrates and catalyst that are not accessible in conventional,
ambient (T,P) studies. Therefore, using NMR capabilities only available at the Environmental
Molecular Sciences Laboratory of the Pacific Northwest National Laboratory (PNNL), in-situ
MAS ssNMR involving heterogeneous catalysts with solvents in 7 or 5 mm rotors capable of
operating under high pressure and temperature.15-17 This unique high (T,P) NMR technology was
invented by PNNL scientist, Drs. David Hoyt and Eric Walter, is capable of studying co-existing
gaseous, liquid, and solids phase reaction systems, and has been tested up to 225 °C pressurized
with over 50 bar H2. When apply this technology to monitor lignin depolymerization, starting
materials, intermediates, products, and solvents in gaseous, liquid, and solid can be monitored
uninterrupted at elevated temperature and pressure with a time resolution only limited by the NMR
recycle delay and the number of scans required to an adequate acquire a spectrum with sufficient
signal to noise spectra. Typically, 13C NMR in-situ MAS ssNMR is applied, which facilitates the
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analysis of most organic heterogeneous catalytic reactions. However, the relative sensitivity of
13

C nuclei is 0.0225 (i.e., compared to 1H nuclei which is 1.0000), requiring 13C-labelled substrates

for in-situ MAS ssNMR of organic heterogeneous catalytic reactions.
This chapter describes the study using the in-situ MAS ssNMR to monitor the depolymerization
of H-monomer lignin model polymer was the same model polymer version used in Chapter 2,
however in this case was synthesized with 13C-labels at the 4-position in the aromatic ring of the
monomer and at the α- and β-carbon of the β-O-4 linkage. This 13C-labelled lignin model polymer
was depolymerized using a nickel and palladium on alumina catalyst under a high pressure of
hydrogen at various temperatures. This study provides insights on the activity and selectivity of
nickel and palladium catalyst for the hydrogenolysis of β-O-4 linkages in lignin model polymer.
The reaction network from catalyzed depolymerization of lignin model polymers will be proposed
and discussed. Moreover, the differences in reaction kinetics information obtained for low and
high molecular weight lignin model polymers at three different temperatures (190, 200, and 210 °C)
will be elucidated.
5.3

Materials and methods

5.3.1 Materials
13

C-labelled phenol (1-13C-phenol, 98%) and acetyl chloride (1,2-13C-acetyl chloride, 98%)

were used as purchased from Cambridge Isotope Laboratories. Anhydrous methanol was used as
purchased from Sigma-Aldrich. A commercial pre-reduced palladium (5 wt%) catalyst on alumina
support were also used as purchased from Sigma-Aldrich.
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5.3.2 Synthesis of 13C labeled lignin model polymers
Preparation of monomers. Under the protection of high purity nitrogen, 1-13C-phenol (and
natural abundant phenol for high molecular weight polymer synthesis) and triethylamine were
dissolved in dry diethyl ether. The solution was cooled to 0 °C in an ice bath, then 1,2-13C-acetyl
chloride (1-13C-acetyl chloride for high molecular weight polymer synthesis) was added dropwise
to the solution. The mixture was stirred at room temperature for 4 h, and the reaction was
monitored by thin layer chromatography (TLC). After the reaction was completed, the reaction
mixture, together with DI water, was poured into an extraction funnel. Organic extracts were
collected and washed again with saturated sodium chloride solution. After drying with MgSO4,
the solvent was removed by rotary evaporation, and the oily residue was purified by a short flash
column. Phenyl acetate was obtained as colorless oil. Phenyl acetate and methanesulfonic acid
were added to a glass vial and stirred under room temperature, while the reaction was monitored
by TLC. After the reaction was completed, the mixture was poured into ice water, and neutralized
by sodium bicarbonate solution. The aqueous mixture was extracted three times with
dichloromethane. Organic extracts were combined and washed with saturated sodium chloride
solution, and then dried over MgSO4. The solvent was removed by rotary evaporation. The product
was purified by a flash column, yielding 1-(4-hydroxyphenyl)ethan-1-one as a white solid. The 1(4-hydroxyphenyl)ethan-1-one was brominated by copper (II) bromide in an ethyl acetate and
chloroform mixture under reflux with vigorous stirring until the color changed from green to amber
(~3 h).18 Brominated monomer was recovered by filtration and rotary evaporation. After
recrystallization, the brominated monomer was dried under vacuum overnight for polymerization
to occur. The structure of products at each step was verified by 1H-NMR (See Appendix IV, Figure
IV-1 – IV-3). Phenyl acetate: 1H-NMR (Chloroform-d): δ 2.55-2.06 (m, 3H, CH3), 7.08 (m, 2H,
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C2-H,

C6-H),

7.26-7.18

(m,

1H,

C4-H),

7.45-7.31

(m,

2H,

C3-H,

C5-H).

1-(4-

Hydroxyphenyl)ethan-1-one: 1H-NMR (Chloroform-d): δ 2.83-2.28 (m, 3H, CH3), 5.35 (s, 1H,
C1-OH), 6.94-6.81 (m, 2H, C2-H, C6-H), 7.98-7.84 (m, 2H, C3-H, C5-H). Brominated monomer:
1

H-NMR (Chloroform-d): δ 4.71-4.05 (m, 2H, CH2), 5.62 (d, 1H, C1-OH), 6.98-6.78 (m, 2H, C2-

H, C6-H), 8.05-7.79 (m, 2H, C3-H, C5-H).18
Low molecular weight polymer. 13C labeled brominated monomer was stirred with K2CO3 in
anhydrous dimethylformamide at 70 ºC for 12 h under nitrogen. The reaction was quenched in ice
water and formed polymer precipitates, which were washed with water and MeOH and filtrated.
The polymer was dried before reduction. Finally, the polymer was reduced by NaBH4 in dimethyl
sulfoxide at 70 ºC for 24 h. The reduced polymer was precipitated in ice water and acidified to pH
3.0 with 2 M hydrogen chloride solution. The precipitate was filtered, washed with water, and
dried. The reduced polymer was dissolved in minimum dioxane and re-precipitated in diethyl ether
to remove the low molecular weight compounds. Then, the polymer was filtrated and dried again
for depolymerization. The structure was verified by 1H-NMR (see Appendix IV, Figure IV-4).
GPC indicated a low molecular weight polymer with an average number molecular weight of
~2,000 Da relative to polystyrene (see Appendix IV, Figure IV-5).
High molecular weight polymer. 13C labeled brominated monomer was stirred with K2CO3 in
N-methyl-2-pyrrolidone at room temperature for 15 s in a sealed glass tube. The mixture was
ultrasonicated for another 30 min, during which time a white gel solid was formed in the yellow
solution. Small amounts of tetrahydrofuran and diethyl ether were added to the mixture. The
flocculent precipitate was recovered by filtration as a white solid. High molecular weight polymer
was reduced with the same procedure as the synthesis of low molecular weight polymer. The GPC

104

detected high molecular weight polymer had an average number molecular weight of ~6,000 Da
relative to polystyrene (see Appendix IV, Figure IV-5).
5.3.3 Catalyst synthesis
Nickel alumina was prepared via incipient wetness impregnation by stirring -alumina (0.900
g, 0.40 mL/g, pore volume) with an aqueous solution of Ni(NO3)2.6H2O (311.5 mg in 0.360 mL
deionized water), to achieve a material with ca. 10 wt% Ni (10.5 wt% by ICP-AES). The solids
were dried in an oven at 75 C for 4 h, and then calcined in static air at 850 C for 5 h. The catalyst
was reduced at 850 C for 2 h in flowing 5% H2/N2 (H5N, Airgas, 99.98 %).
5.3.4 Depolymerization
Depolymerizations were performed in a 5 mm ceramic rotor (Figure 5-1) customized for highpressure experiments. Low/high molecular weight polymer and Ni10 alumina or Pd5 alumina
catalyst (4 to 5 mg) were loaded into the rotor. A 40 µL volume of MeOH was added to the rotor
as a solvent. The rotor was then sealed and pressurized with 50-135 bar of hydrogen. The loaded

Figure 5-1. Schematic of customized ceramic rotor for high temperature
and high pressure reaction.1-3
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rotor was put into an Agilent-Varian VNMRS NMR spectrometer for depolymerization at 190,
200, and 210 ºC.
5.3.5 In-situ 13C MAS ssNMR Spectroscopy.
13

C MAS NMR experiments were performed in an Agilent-Varian VNMRS NMR spectrometer

equipped with an 11.7 T magnet, operating at 125.7835 MHz for the 13C channel and 500.1832
MHz for 1H decoupling, and using a 5 mm lab-built MAS double-resonance HX probe with a
custom Pd-coated coil for increased sample magnetic homogeneity. The rotor was spun at 5 kHz.
For the 13C direct polarization (DP) experiments, a 25 kHz 1H decoupling field was employed with
an acquisition time of 300 ms. The 13C spectral width was 50 kHz, and 15000 data points were
acquired per transient, using a relaxation delay of 60 s to obtain quantitative spectra. Each transient
spectrum was acquired by averaging 8 scans.

13

C chemical shifts were referenced to

tetramethylsilane (TMS) via a secondary standard, adamantane (37.48 ppm).19 Temperature
calibration of the high-pressure system was accomplished by monitoring the chemical shift (0.7
ppm/ºC) of Pb NMR spectra of lead nitrate in the rotor as a function of spectrometer temperature
setting.20,21 The ramp from room temperature to the desired reaction temperatures usually required
~18-20 min.
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5.4

Results and discussion

Two

13

C-labelled linear lignin model polymers with same structure but different molecular

weights were synthesized (Scheme 5-1) and used as substrates to study the hydrogenolysis of the
β-O-4 linkage over two catalysts (i.e., Ni10-alumina and Pd5-alumina). The molecular weights of
the two polymers were distinguished by their average number molecular weight measured by GPC
2,000 Da for the low molecular weight lignin model polymer and 6,000 Da for the high molecular
weight lignin model polymer. Low molecular weight polymer (low MW polymer) was labelled at
three different positions (i.e., α-, β-, and 4-carbon). Whereas, the high molecular weight polymer
(high MW polymer) was labelled at only one position (i.e., α-carbon). In this study, both low and
high MW polymers were depolymerized over Ni10-alumina or Pd5-alumina catalyst in MeOH with
a supply of hydrogen (50-135 bar) at temperatures ranging from 190-210 °C. Control

Scheme 5-1. Synthesis of low/high MW polymers.

depolymerizations were performed with low MW polymer without catalyst under 50 bars of
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hydrogen at 190 ºC. Each depolymerization was monitored by quantitative 13C DP experiments
collected every 8 min, until near complete conversion of the starting polymers was observed
(Figure 5-2).

Figure 5-2. Quantitative 13C DP experiments for low/high MW polymers at room temperature, and high MW polymer at reaction
temperature.

All ssNMR experiment are conduct at MAS spinning speed of 5 kHz.

13

C DP experiments are

quantitative due to relaxation delay of 60 s, which was based on the results of an inversion recovery
experiment. Before heating to the desired reaction temperature, two NMR experiments are
conducted at room temperature: 1) 1H experiment to ensure the presence of hydrogen at 4.2 ppm
and 2) quantitative

13

C DP experiment to ensure the presence and concentration of solvent and

unreacted polymer. The 13C label on the 4-position aromatic carbon has a chemical shift of 159.0
ppm, and an end-group the position aromatic carbon comes at 157.4 ppm (end-group chemical
shifts were confirmed by a HSQC experiment). The 13C labelled α- and β- carbons have chemical
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shifts at 74.4 and 72.4 ppm, appearing as doublets due to carbon-carbon spin-spin coupling.
According to these 13C DP experiments, low MW polymer showed much better solubility in MeOH
at room temperature than high MW polymer, However, high MW polymer did start to dissolve in
MeOH as temperature increased. As shown in Figure 5-2, at room temperature, only a low intensity
and board peak was observed around 75-70 ppm. However, at 190 ºC, two narrow peaks with
significantly higher intensity appeared at 72.4 ppm and 74.7 ppm, representing the labeled αcarbons located in the polymer and in the end group.
5.4.1 Nickel catalyzed depolymerization
Nickel catalyzed depolymerization experiments were conducted with low MW polymers at
three different temperatures (190, 200, and 210 °C), and with high MW polymer at two
temperatures (190 and 200 °C). Approximately five times excessive hydrogen, which was
estimated based on the moles of polymer loaded into the rotor, was pressurized in the reaction
system (~50 bars). Two quantitative 13C DP spectra, each with 8 scans, were collected in an array
when desired reaction temperature was first reached for the purpose of allowing the NMR probe
temperature to stabilize. Then, an array of quantitative 13C DP spectra was begun to monitor the
depolymerization until almost complete conversion of the starting polymer.
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Depolymerization of low MW polymer with Ni10-alumina catalyst showed near completion
after 9.5 h of reaction at 190 °C based on the disappearance (or shifting) of the chemical shifts for
α-, β-, and 4-carbons on the starting polymers. Even less time was needed when the temperature
was raised to 200 and 210 °C (~5 h). Depolymerization is highly selective for three major products
in the presence of nickel catalyst, as shown in Figure 5-3. Methylated polymers (compound A in
Figure 5-3), which are generated from a non-catalytic reaction between the hydroxyl group on αcarbon and MeOH at high temperature, were observed soon after the reaction system reached the
desired reaction temperature. Chemicals shifts of methylated polymers were slightly shifted
downfield to 159.7, 82.5, and 73.3 ppm for

C labeled carbons at the 4, α, and β positions,

13

Figure 5-3. Quantitative 13C DP spectra of depolymerization of low MW polymer with Ni10 alumina at 190 °C for 9.5 h.
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respectively.22 Deoxygenated polymers (compound B in Figure 5-3), which are formed either by
the starting polymer losing the hydroxyl group at the α position or by methoxylated polymers
losing the methyoxyl group, were also detected at chemical shifts of 158.5, 70.0, and 35.2 ppm for
4-, β-, and α-carbons, respectively. Compounds A and B are actually substructures that could exist
as polymers, oligomers or monomers. The only monomeric product, ethyl phenol (compound C in
Figure 5-3), was formed from cleavage of β-O-4 linkages and showed chemical shifts at 156.1,
27.8, and 14.5 ppm for 4-, β-, and α-carbons, respectively.
The chemical shifts of the α-carbon were globally integrated for all products, and the integrals
were used to calculate the carbon percentages of the products over the reaction time. Reactions
were assumed to be first order with respect to the reactant at each step. Data was fitted with an
exponential function by IgorPro version 6.37 software. Comparing the apparent rate of α-carbon
disappearance for low MW polymer over the nickel on alumina catalyst (based on the chemical
shift of the α-carbon of the starting polymer at 74.4 ppm), there was a significant increase in the
apparent rate of conversion from 190 (k = 0.233 h-1) to 200 °C (k = 0.483 h-1). However, the
apparent conversion rate of low MW polymer remained similar when the temperature was raised
from 200 to 210 °C (see Figure 5-4, left), which suggests that the rate controlling mechanism is
different at 190 and 210 °C. When considering the depolymerization of polymer at the surface of
a heterogeneous catalyst, two processes must occur: 1) polymer adsorption which most likely
includes polymer a) diffusion to a catalyst particle and through a solvent film around that particle
to the external surface of the porous catalyst; b) diffusion from the external surface of the porous
catalyst through the pores of the catalyst to the immediate vicinity of the internal catalytic surface;
c) conformational arrangement; and d) adsorption onto the inner catalytic surface and 2) intermonomer linkage cleavage in the presence of adsorbed H2 to oligomers or monomers product
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following product a) desorption from the internal catalytic surface; b) diffusion from the interior
of the catalyst to its external surface; and c) diffusion from the external catalyst surface through a
solvent film around the catalyst particle to the bulk fluid. Therefore at 190 °C, the rate of intermonomer linkage cleavage is rate controlling and as the temperature is increased from 190 to
200 °C the apparent rate of conversion increases. However, above 200 °C, the rate of intermonomer linkage cleavage increases to the point that polymer adsorption become the rate
controlling step defining the apparent rate of conversion. Therefore, at temperatures above 200 °C,
the apparent rate of conversion will not change.
O-methylation is another reaction that occurs in this system with and without catalyst present.
However, the methylated polymer was the only major product formed when no catalyst is present.
In addition, at 190 °C, the apparent rate of O-methylation when no catalyst is present (k = 0.165
h-1) is significantly higher than the apparent rate of O-methylation when catalyst is present (k =
0.139 h-1). This difference suggests that the catalyst prevents O-methylation from occurring or

Figure 5-4. Percentage of carbon at α position of starting low MW polymer (left) and methylated low MW polymer (right) during
depolymerization at 190, 200, 210 °C with Ni10 alumina catalyst and at 190 °C without catalyst. Units of rate constants (k) are h-1.
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promotes the interception of unreacted polymer substructures prior to O-methylation. Moreover,
upon O-methylation, methoxylated polymer substructures proceed to further chemical reaction
with a very slow rate at 190 °C. However, at 200 and 210 °C the kinetic curves for methoxylated
polymer substructures is similar to the shape of the intermediate in a series reaction.
The adsorption behavior of a lignin model polymer will be slowed and hindered by entropic
penalties associated with polymer chain adsorption. Unlike small molecules, flexible polymer
chains have a large conformational entropy associated with the many conformations that a polymer
in solution can adopt. Adsorption to a solid surface leads to entropic penalties because the number
of available conformations is reduced. As a result, one might expect higher MW polymers to
experience a slower adsorption rate to the catalyst surface than lower MW polymers. In the Nicatalyzed depolymerization, both low and high MW polymers showed a similar apparent rate of
conversion at 190 °C. However, at 200 °C the apparent rate of conversion for high MW polymer
remained similar to that at 190 °C, whereas the apparent rate of conversion for low MW polymer
was significantly increased from 190 to 200 °C (Figure 5-5). Assuming that higher MW polymers

Figure 5-5. Percentage of carbon at α position of starting low/high MW polymer during depolymerization at 190 °C (left) and
200 °C (right) with Ni10 alumina catalyst.
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to experience a slower adsorption rate and that lignin model polymer molecular weight has a
negligible effect on the rate of inter-monomer linkage cleavage, then it is expected that polymer
adsorption would be rate controlling at a lower temperature for the high MW polymer.
Although the Ni-catalyzed depolymerizations of low/high MW polymers showed similar
conversion rates at 190 °C, the apparent rates of O-methylation and deoxygenation of the hydroxyl
group at the α-carbon of the starting polymer are significantly different. As shown in the temporal
products distribution for both depolymerizations, O-methylation occurred at a much higher rate
for low MW polymers than for high MW polymers (Figure 5-6). However, deoxygenation
occurred at a lower rate for low MW polymers than high MW polymers. Even though significantly
more deoxygenated polymers were produced with faster rate for high MW polymer than low MW
polymer, the monomer production rates were remained similar for both low and high MW

Figure 5-6. Temporal product distribution from Ni-catalyzed depolymerization of low MW polymer (left) and high MW polymer
(right) at 190 °C.
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polymers, which indicated that the rate of cleavage of β-O-4 linkages in the model polymers was
the slower than the O-methylation and deoxygenation of the starting polymers. Hence, the reaction
network shown in Figure 5-7 was proposed for depolymerization of lignin model polymers over
nickel alumina catalyst. As suggested by the lack of evidence of hydrogenated products, Nicatalyzed depolymerization is highly selective for hydrogenolysis over hydrogenation. At high
reaction temperatures, the MeOH solvent can methylate the hydroxyl group on the α-carbon, and
the resulting methylated polymers have significantly slower rates of cleavage of β-O-4 linkages
than deoxygenated polymers. Deoxygenation of methylated polymers at α position will occur at
reaction temperatures higher than 190 °C. Chain scission of deoxygenated polymer due to the
cleavage of β-O-4 linkages will take place at a significantly higher rate than for either the starting
polymers or methylated polymers.

Figure 5-7. Temporal product distribution (left) and proposed reaction network (right) for depolymerization of low MW polymer
over nickel alumina catalyst at 190 °C. Units of rate constants (k) are h-1.
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5.4.2 Palladium catalyzed depolymerization
Palladium catalyzed depolymerizations were carried out in the same conditions as nickel
catalyzed depolymerizations, except that 135 bar of hydrogen was used. Unlike the results of Nicatalyzed depolymerizations, methylated polymers and deoxygenated polymers were detected in
low yields. However, multiple chemical shifts in the region from 85-63 ppm and at 35 ppm were
detected from cyclohexyls products that resulted from hydrogenation of aromatic compounds (see
Figure 5-8). The broad product proliferation and the overlapping of some chemical shifts make
product identification and kinetic study difficult.

Figure 5-8. Quantitative 13C DP spectra of depolymerization of low MW polymer with Pd 5 alumina at 190 °C for 9 h.
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According to the decrease in the chemical shift of the β-carbon in the starting polymers explains
why the conversion rate of starting polymer was faster in Pd-catalyzed depolymerizations than in
Ni-catalyzed depolymerizations at the same reaction temperature at 190 °C (Figure 5-9). However,
the yields and rates of production of the monomer, ethyl phenol, remained similar for both Ni- and
Pd-catalyzed depolymerization. In addition, increasing the reaction time might also increase the
possibility of further hydrogenation of monomer in the Pd-catalyzed depolymerization. In a
comparison of nickel alumina and palladium alumina catalysts, nickel alumina catalyst showed
significantly better selectivity for hydrogenolysis of β-O-4 linkages over hydrogenation of
aromatic rings than palladium catalyst during depolymerization. Although palladium alumina

Figure 5-9. Percentage of carbon at β position of starting low MW polymers and produced monomers during both Niand Pd-catalyzed depolymerizations at 190 °C.
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catalyst has higher activity in converting polymer, the wide product distribution due to
hydrogenation from Pd-catalyzed depolymerization led to an inefficient production of monomers.
5.5

Conclusions
In summary, the presence of nickel on an alumina catalyst is essential not only for catalyzing

the cleavage of β-O-4 linkages and generating monomers without further hydrogenation of
aromatic rings, but also for reducing the rate of O-methylation of hydroxyl groups on the α-carbon
of lignin model polymer, thereby enhancing the cleavage of β-O-4 linkages. The rate of Nicatalyzed depolymerization of lignin model polymer is also dependent on the reaction temperature.
The apparent conversion rate of polymer substrates was doubled when reaction temperature was
increased from 190 °C to 200 °C. However, at the reaction temperature above 200 °C, this apparent
conversion rate remained similar to that at 200 °C due to changing of rate controlling regimes from
inter-monomer linkage cleavage limiting to polymer adsorption limiting. The higher molecular
weight of the polymer substrate, the more significant macromolecular effect on changing this rate
controlling regimes can be observed. On the other hand, in comparison to nickel alumina catalyst,
palladium alumina catalyst shows a higher activity in converting substrate polymer to products.
The in-situ MAS ssNMR system presented a new way to closely monitor high temperature and
high pressure reactions and deliver on-line information about the reaction network. This work
provides useful insights on the effects of the catalyst, lignin molecular size, and reaction
temperature on catalyzed hydrogenolysis of the β-O-4 linkage in lignin. However, this study does
not completely demonstrate the usefulness of this in-situ MAS ssNMR technology. In the future,
applications to study reaction intermediates or adoption mode that only exist or that are only
relevant reaction conditions should be conducted.
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Chapter 6: Conclusions and suggestions for future work

6.1

Conclusions

This dissertation demonstrated different approaches to improve lignin depolymerization in a
controlled manner to selectively generate value-added aromatic products. Further, it demonstrated
novel unique techniques to better monitor lignin depolymerization reaction networks and kinetics.
6.1.1 Improved aromaticity of lignin-derived products from depolymerization
CuPMO proved not only an effective catalyst in converting lignin to aromatic products via
cleavage of aryl ether linkages, but also highly efficient in preventing irreversible char formation.
CuPMO can reform MeOH and generate hydrogen in-situ, so no external hydrogen supply is
required for depolymerization of lignin, facilitating potential industrial applications. However, the
phenolic products generated from lignin depolymerization over CuPMO in MeOH could undergo
further hydrogenate to aliphatics. Hence, addition of DMC as a co-solvent can O-methylate the
phenolic intermediates and greatly reduce their hydrogenation rate to maintain aromaticity. To the
best of our knowledge, this work represents the first application of DMC to catalytic lignin
depolymerization. Many of the aromatic monomeric products, such as trimethoxypropylbenzene,
could serve as precursor compounds to many pharmaceuticals and are similar to currently used
flavor additives.
6.1.2 Exploring novel techniques for lignin and lignin-derived product characterization
Over a time series of depolymerizations of HPMS/HPMIS lignin over CuPMO catalyst in both
MeOH and a mixture of MeOH and DMC mixture, PMF anaylsis showed that CuPMO catalyst is
essential to convert lignin into monomeric products. PMF analysis illustrated that DMC can
effectively prevent aromatic products from further hydrogenation. More importantly, applying
PMF analysis to GC-MS results of lignin depolymerization products demonstrated a new way to
characterize widely distributed lignin-derived products with structural information in a broader
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scope. The development of this technique provided efficient tracking of lignin structural changes
in terms of structural similarity of the products to understand depolymerization process, especially
when a large number of depolymerization samples were characterized. These techniques is
particularly useful for monitoring lignin depolymerization under various conditions and catalysts
performance, where identification of individual products becomes impractical when a large
number of samples is involved.
Nickel alumina was determined to be a more selective catalyst than palladium alumina for
cleavage of β-O-4 linkage in lignin. Also, the molecular sizes of substrate polymers played an
important role in determine the reaction conversion rate, which provides us with insights for
designing efficient depolymerization of lignin at appropriate reaction temperatures based on its
molecular size. Additionally, this study also demonstrated the behavior of MeOH solvent during
depolymerization. MeOH not only provided a matrix to solubilize the substrate polymer and its
fragments, but also could O-methylate the substrate polymer and reduce the depolymerization rate.
More importantly, another useful technique, in-situ MAS ssNMR, was employed to monitor lignin
depolymerization and understand its reaction network and kinetics. In studying catalyst
performance in lignin depolymerization, this technique is extremely useful in providing online
information of reaction for catalyst design. Unique among characterization techniques, in-situ
MAS ssNMR allows closely observing the reaction process at high reaction temperatures without
disturbing the on-going reaction.
6.2

Future work

Although lignin conversion has been researched for more than a decade, economical and largescale processing of lignin has not materialized. Although the studies conducted in this dissertation
has demonstrated improved lignin conversion system for aromatic production and better
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understanding on reductive depolymerization of lignin over heterogeneous catalysts, there are still
many areas that need to be further explored. For the perspectives related to the studies conducted
in this dissertation, following work is suggested for future study: 1) To better understand the
macromolecular effect of lignin on catalyzed reductive depolymerization, lignin model polymers
with closer structure, such as lignin model polymers with γ-carbon, multiple subunits, or different
polymer topology, can be synthesized and used for reductive depolymerization via heterogeneous
catalyst; 2) The wide difference between lignin from different types of plants (i.e., softwood,
hardwood, and grass) or from different isolation methods (e.g., kraft pulping, organosolv pulping,
fermentative lignin) has always been a big obstacle to systematically study lignin depolymerization.
Hence, future study on depolymerization of lignin with different physical and chemical properties
is suggested, and PMF is a powerful technique that can be applied to characterize complex and
massive lignin depolymerization products from large number of samples and provide general
trends of structural changes of lignin during depolymerization; 3) In-situ MAS ssNMR is another
powerful characterization tool for better understand lignin depolymerization network and kinetics.
Hence, moving forward to use it monitoring depolymerization of real lignin to better understand
the its actual behavior during depolymerization can be much more informative than any types of
lignin model polymers. In a broader view of utilizing lignin as renewable source, developing
catalysts and methods for lignin selective depolymerization and deconstruction with greatly
increased conversion yields and selectively are therefore required. To achieve this, a deeper
understanding of 1) lignin structure and its effect on depolymerization, 2) lignin depolymerization
catalyst structure–activity relationships, and 3) lignin depolymerization mechanisms and kinetics
must be established.
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Appendix I: Supporting materials for Chapter 2
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Figures
• Figure I-1. 1H-NMR spectrum for synthetic G-polymer in DMSO-d6.
• Figure I-2. 1H-NMR spectrum for synthetic H-polymer in DMSO-d6.
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Figures

Figure I-1. 1H-NMR spectrum for synthetic G-polymer in DMSO-d6.
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Figure I-2. 1H-NMR spectrum for synthetic H-polymer in DMSO-d6.
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• Table II-1. Char amounts and GPC of raw liquid and non-volatile products from the
reaction of organosolv poplar lignin (OPL) with/without CuPMO at 300 °C for 3 h.
• Table II-2. Chemical shifts and integration regions for lignin and its depolymerized
products in a 31P-NMR spectrum.
• Table II-3. 13C-NMR chemical shift assignment range of untreated lignin and its
depolymerized products according to literature methods in a 13C-NMR spectrum.
• Table II-4. GC-MS detected peak assignments for depolymerized products from lignin
depolymerization with/without CuPMO and with/without DMC for 3 h; and with CuPMO
and with/without DMC for 6 h.
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• Figure II-1. 1H NMR spectrum for untreated organosolv poplar lignin (OPL).
• Figure II-2. Quantitative 13C NMR spectrum of untreated OPL, depolymerized lignin in
MeOH solvent with CuPMO, and depolymerized lignin in DMC/MeOH co-solvent with
CuPMO.
• Figure II-3. Total aromatic and aliphatic compounds in raw products detected by GCMS from depolymerized lignin with CuPMO catalyst in MeOH and in MeOH/DMC for 3
h and 6 h.
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Tables
Table II-1. Char amounts and GPC data for raw liquid and non-volatile products from the reaction
of organosolv poplar lignin (OPL) with/without Cu20PMO at 300 °C for 3 h in MeOH/DMC and
in MeOH.
GPC parameters

Raw product Mn (g/mol)
Raw
product
Mw
(g/mol)

OPL

No catalyst
MeOH/D
MC

No
catalyst
MeOH

1290

360

430

2220

720

630

Cu20PM
O
MeOH/
DMC
350
(320)a
510(460
)
1.44(1.4
1)
50
(64±2)b

Cu20PM
O
MeOH
320
(310)
400
(430)
1.27
(1.35)
24c
(45±2)b

Raw product PDI
1.72
2.01
1.47
Non-volatile
product
(wt %)
59
37
Non-volatile product Mn
(g/mol)
390
480
390
360
Non-volatile
product
Mw (g/mol)
880
720
550
480
Non-volatile
product
PDI
2.28
1.52
1.40
1.52
Char (wt %)
32
35
a
values in parentheses represent a second run under analogous conditions. b average of two
independent experiments. Doubling the drying time gave similar recovery values (66 % and 47%
for experiments in MeOH/DMC and MeOH, respectively) The weight percentages obtained from
catalytic runs of 6 h duration were the same within experimental uncertainties (44 ± 4 % and 62
±2 %, respectively) cWe have discounted this value as likely due to an experimental error
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Table II-2. Chemical shifts and integration regions for lignin and its depolymerized products in a
31
P NMR spectrum.1,2
Identification
Chemical Structure
δ (ppm)
Aliphatic OH
150.0-145.4
Syringyl Phenolic OH

~142.7

Guaiacyl Phenolic OH

140.2-139.0

Condensed Phenolic OH (β-5, 5-5, 40-5)

144.7-140.2

Carboxylic Acid OH

136.0-133.6

Internal Standard (N-hydroxy-5norbornene-2,3-dicarboximide)

152.8-151.0

TMDP Hydrolysis product

~132.2
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Table II-3. 13C NMR chemical shift assignment range of untreated lignin and its depolymerized
products according to literature methods in a 13C NMR spectrum.3,1
Functional Group

Integration Region
(δ ppm)

Carbonyl or Carboxyl C

215.0-166.5

Aromatic C-O

166.5-142.0

Aromatic C-C

142.0-125.0

Aromatic C-H

125.0-95.8

Aliphatic C-O

95.8-60.8

CH3O-Aromatic C

60.8-55.2

Aliphatic C-C

General

55.2-0

CH3O-Aromatic

21.6-19.1

Methyl-Aromatic ortho to
a hydroxyl or methoxyl
group
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16.1-15.4

Table II-4. GC-MS detected peak assignments for depolymerized products from lignin depolymerization
with/without Cu20PMO and with/without DMC for 3 h; and with Cu20PMO and with/without DMC for 6 h.
Retention
Time (min)

Compound Name

Match %

Normalized Area

17.2

2-methoxyphenol

97

0.12

MeOH/D
MC
Control 3h
0

20.0

2-methoxy-4methylphenol

95

0

22.2

4-ethyl-2methoxyphenol

96

23.8

4-ethyl-1,2-dimethoxybenzene

24.1

MeOH
Control 3h

MeOH 3h

MeOH/D
MC 3h

MeOH 6h

MeOH/D
MC 6h

0.0088

0

0

0

0

0.0088

0

0.036

0

0

0

0.046

0

0.14

0

96

0

0

0.014

0.11

0

0.99

2-methoxy-4-ethyl6-methylphenol

94

0

0

0.012

0

0

0

24.4

2-methoxyl-4propylphenol

97

0

0

0.26

0

0

0

25.8

1,2-dimethoxy-4propylbenzene

95

0

0

0.094

0.29

0

3.6

28.1

4-methyl-syringol
(2,6-di-methoxy-4methyl-phenol)

68

0

0

0.0097

0

0

0

28.5

1-(4-hydroxyl-3,5dimethoxyphenyl)ethan-1-one

52

0

0

0.046

0

0

0
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29.7

4-ethyl-2,6dimethoxy phenol

90

0

0

0.018

0

0

0

29.8

3-propyl-1,2,4trimethoxybenzene

91

0

0

0.043

0.41

0

5.7

30.8

benzeneacetic acid,
alpha-hydroxy-3methoxy, methyl
ester

90

0

0

0.023

0

0

0

31.4

2,6-dimethoxy-4propylphenol

90

0

0

0.19

0

0

0

31.7

4-propionylsyringol

81

0

0

0.017

0

0.091

0

33.4

dihydro coniferyl
alcohol

91

0

0

0.029

0

0

0

33.9

4-(ethoxymethyl)2-methoxyphenol

97

0

0

0.013

0

0

0

34.3

3-(3,5-dimethoxyphenyl)-1-propanol

91

0

0

0.029

0

0

0

34.7

3-(3,4-dimethoxyphenyl)-1-propanol

78

0

0

0.012

0

0.16

0

37.7

4-methyldibenzofuran

65

0

0

0.016

0

0

0

21.7

3,4-dimethoxytoluene

98

0

0

0

0.013

0.026

0.13

24.3

2-methyoxy-4propylphenol

95

0

0

0

0.018

0

0.11
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25.5

1-(2,4-dihydroxy3-propylphenyl)ethanone

90

0

0

0

0.021

0

0.18

26.5

1,2,3-trimethyoxy5-methylbenzene

96

0

0

0

0.022

0

0.25

28.2

5-ethyl-1,2,3trimethoxybenzene

99

0

0

0

0.11

0.060

0.78

29.7

2-ethoxy3,4,6,7,8,9hexahydro-8,8dimethyl-6-oxo2H-chromene

80

0

0

0

0.032

0

0.28

31.8

1,2-dimethoxy-4(3methoxypropyl)benzene

83

0

0

0

0.094

0

0.71

34.3

3-(3,4-dimethoxyphenyl)-propan-1ol

93

0

0

0

0.15

0

0.60

34.8

methyl 3,4dimethoxyphenyl
propanoic acid

93

0

0

0

0.061

0

0.22

34.9

3-(3,4-di-methoxyphenyl)propanoic
acid

90

0

0

0

0.048

0

0.31

35.1

methyl 3,4,5trimethoxy benzoic
acid

99

0

0

0

0.030

0

0.20
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35.3

3,4-dimethoxy
benzoic acid

61

0

0

0

0.073

0

0.39

37.7

syringaldehyde

67

0.17

0

0

0.13

0

0.42

37.9

2-methyl-4(methoxycarbonyl)
-1H-benzo[ij](2,7)naphthyridine

83

0

0

0

0.035

0

0.099

38.0

2,3-dihydro-1,3methano-1H-cyclopenta[b]quinoxalin
e

69

0

0

0

0.037

0

0.18

48.3

methyl 2-(3,4dimethoxyphenyl)acetate

83

0

0

0

0.023

0

0.076

19.9

2-methoxy-5methylphenol

97

0.035

0

0

0

0.082

0

22.2

2-methoxybenzeneethanol

95

0.024

0

0

0

0

0

23.8

2-methoxy-4vinylphenol

96

0.047

0

0

0

0

0

24.0

methylpentopyrano
side

90

0.047

0

0

0

0

0

24.3

2-methoxy-4propylphenol

94

0.065

0

0

0

0.78

0

24.5

2-methoxy-4-(2propenyl)phenol

99

0.045

0

0

0

0

0
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25.2

beta-D-methyl
ribopyranoside

92

0.023

0

0

0

0

0

26.0

2,6-dimethoxyphenol

96

0.38

0

0

0

0

0

26.5

2-methoxy-4(methoxymethyl)p
henol

87

0.014

0

0

0

0

0

27.3

2-methoxy-4-(1propenyl)phenol

98

0.29

0

0

0

0

0

27.8

vanillin

98

0.082

0

0

0

0

0

28.0

2,4-dimethoxy-3methylphenol

91

0.094

0

0

0

0

0

28.6

dimethyl ester
nonanedioic acid

91

0.018

0

0

0

0

0

29.0

2,3-dihydro-2,2,5trimethyl
benzofuran

90

0.040

0

0

0

0

0

29.7

ethyl syringol

90

0.055

0

0

0

0

0

29.8

1-(4-hydroxy-3methoxyphenyl)ethanone

96

0.020

0

0

0

0

0

30.1

Methyl ester, 4hydroxy-3methoxy benzoic
acid

97

0.11

0

0

0

0

0
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30.8

4-hydroxy-3methoxy
benzeneacetic acid

85

0.047

0

0

0

0

0

31.3

4-propyl syringol

87

0.040

0

0

0

0

0

31.6

2,6-dimethoxy-4(2-propenyl)phenol

98

0.073

0

0

0

0

0

33.0

trans-4propenylsyringol

93

0.27

0

0

0

0

0

33.8

methyl ester,
hexadecanoic acid

97

0.11

0.038

0

0

0

0

34.8

coniferyl aldehyde

96

0.052

0

0

0

0

0

36.1

1-(4-hydroxy-3,5dimethoxyphenyl)ethanone

98

0.044

0

0

0

0

0

36.8

4-hydroxy-3,5dimethoxy benzoic
acid, hydrazide

98

0.27

0

0

0

0

0

36.8

syringylacetone

78

0.075

0

0

0

0

0

37.9

Methyl ester, 9,12octadeca-dienoic
acid

99

0.032

0

0

0

0

0

39.2

dihydrosyringenine

88

0.036

0

0

0

0

0

41.4

3,5-dimethoxy-4hydroxycinnamaldehyde

95

0.029

0

0

0

0

0
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19.4

1,2-dimethoxybenzene

98

0

0.015

0

0

0

0

21.7

1,2-dimethoxy -4methyl-benzene

98

0

0.0081

0

0

0

0

24.5

1,2,3-trimethoxybenzene

96

0

0.044

0

0

0

0

25.5

4-ethenyl-1,2dimethoxy-benzene

96

0

0.041

0

0

0

0

26.0

1,2-dimethoxy-4(2propenyl)benzene

98

0

0.012

0

0

0

0

26.5

1,2,3-trimethoxy5-methylbenzene

98

0

0.020

0

0

0

0

27.5

3-methyl-3-(1naphthyl)-1-butene

94

0

0.0078

0

0

0

0

27.7

methyl cisisoeugenol

99

0

0.0075

0

0

0

0

28.0

3,4dimethoxypheneth
yl alcohol

93

0

0.018

0

0

0

0

28.7

1,2-dimethoxy-4(1-propenyl)phenol

99

0

0.14

0

0

0

0

29.4

4,5-dimethoxy-2(2-propenyl)phenol

92

0

0.062

0

0

0

0
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29.9

3,4-dimethoxy
benzaldehyde

65

0

0.16

0

0

0

0

30.8

4(dimethoxymethyl)
-1,2dimethoxybenzene

96

0

0.054

0

0

0

0

31.9

3,4,5trimethoxybenzyl
methyl ether

97

0

0.052

0

0

0

0

32.2

methyl ester, 3,4dimethoxy benzoic
acid

99

0

0.10

0

0

0

0

32.5

1,2,3-tri-methoxy5-(2-propenyl)benzene

98

0

0.16

0

0

0

0

32.8

3,4,5-trimethoxy
benzaldehyde

97

0

0.078

0

0

0

0

33.2

3-(4-methoxyphenyl)-1-phenyl
2-propen-1-one

54

0

0.13

0

0

0

0

34.1

1-hydroxy-2(methoxycarbonyl)-5methylenecycloheptan-3-one

86

0

0.096

0

0

0

0

34.9

2-(3,4-di-methoxyphenyl)tetrahydrof
uran

92

0

0.18

0

0

0

0
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35.0

methyl ester, 3,4,5trimethoxy benzoic
acid

99

0

0.22

0

0

0

0

38.0

1,2,3,4tetramethoxy-5-(2propenyl) benzene
propen-1-one

68

0

0.21

0

0

0

0

38.5

methyl ester, 3(3,4-dimethoxyphenyl) 2propenoic acid

98

0

0.027

0

0

0

0

4.4

2-(2-hydroxypropoxy)-1propanol

45

0

0

0

0

0.0099

0

4.6

butanoic acid
methyl ester

80

0

0

0

0

0.017

0

5.0

5,5-dimethyl-1,3hexadiene

64

0

0

0

0

0.016

0

9.1

1-isobutyliden-3methylcyclopentane

53

0

0

0

0

0.054

0

9.2

2,4-dimethylcyclopentanol

64

0

0

0

0

0.021

0

10.1

2,5-dimethyl-2hexene

53

0

0

0

0

0.017

0

10.5

3-methylcyclohexanone

43

0

0

0

0

0.022

0

142

10.6

1,2-exoxyhexane

53

0

0

0

0

0.012

0

10.8

2-vinylpenta-3,4dien-2-ol

59

0

0

0

0

0.014

0

10.9

2,6-dimethyl-1heptane

72

0

0

0

0

0.022

0

12.0

2-isobutyl-6methyl-1-heptene

64

0

0

0

0

0.042

0

12.6

1-hexanol

38

0

0

0

0

0.023

0

13.1

2,6-dimethyl-1heptene

59

0

0

0

0

0.015

0

13.8

3,4-dimethyl-1hexene

64

0

0

0

0

0.022

0

15.2

2,3,6trimethyldecane

64

0

0

0

0

0.026

0

15.4

3-methyl-1-hexene

70

0

0

0

0

0.017

0

15.6

1-cyclohexylnonene

42

0

0

0

0

0.033

0

16.0

2-(1-methyl-2-oxopropyl)cyclohexan
one

43

0

0

0

0

0.025

0

16.2

3,5-dimethylcyclohexanol

50

0

0

0

0

0.056

0

16.6

5-methyl-2-(1methylethyl)cyclohexanol

59

0

0

0

0

0.084

0
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16.9

3,4,4-trimethyl-2pentene

64

0

0

0

0

0.025

0

17.7

3-methyl-1-pentene

64

0

0

0

0

0.16

0

17.9

2-methoxyphenol

97

0

0

0

0

0.070

0

18.2

1-methyl-2-(4methylpentyl)cyclopentane

59

0

0

0

0

0.066

0

18.4

hexylcyclopentane

64

0

0

0

0

0.056

0

19.1

3-methylcyclopentanol

47

0

0

0

0

0.089

0

19.6

1,2,3,4tetramethylcyclobutene

72

0

0

0

0

0.061

0

21.0

7,7-dimethylbicyclooctan-2-one

58

0

0

0

0

0.091

0

21.8

3-methyl-3-(1methylethenyl)cyclohexan
one

52

0

0

0

0

0.078

0

21.9

3,3-dimethyl-1hexene

42

0

0

0

0

0.027

0

22.1

4-propylphenol

74

0

0

0

0

0.025

0

22.2

3-tert-butyl-2cyclohexen-1-one

68

0

0

0

0

0.024

0

22.5

2,4,6trimethylphenol

93

0

0

0

0

0.016

0
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22.7

2-hydroxy-5methoxybenzaldeh
yde

93

0

0

0

0

0.042

0

22.9

4-methyl-2propylphenol

94

0

0

0

0

0.022

0

24.1

1-methoxy1,2,3,4,5,pentamethyl-1,3cyclo-pentadiene

90

0

0

0

0

0.023

0

24.4

1,4-dimethoxy-2,5dimethyl-benzene

92

0

0

0

0

0.072

0

24.5

4-ethyl-2propylphenol

93

0

0

0

0

0.089

0

24.7

acetophenone

88

0

0

0

0

0.092

0

26.2

endo-7-hydroxy8,8-dimethylbicyclo-[4.3.0]non1(9)-en-2-one

68

0

0

0

0

0.18

0

26.5

1,2-dimethoxy-4-npropyl-benzene

95

0

0

0

0

0.32

0

26.7

2-(1,2-epoxycycloheptyl)-1pentene

87

0

0

0

0

0.42

0

27.2

1,5-heptadiyne

74

0

0

0

0

0.068

0

27.7

1,4-epoxy-2-exoethoxycarbonyl-3-

68

0

0

0

0

0.073

0
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methylene-5cyclohexene
28.0

methyl-9-oxo-8oxabicyclonona1(6), 2-diene-2carboxylate

83

0

0

0

0

0.072

0

28.2

2-(phenylethynyl)phenol

83

0

0

0

0

0.093

0

28.8

3-tertbutyl-4hydroxyanisole

54

0

0

0

0

0.058

0

30.5

2-cyclohexyl-4phenyl-1-buten-3yne

93

0

0

0

0

0.23

0

31.0

4-methylstibene
oxide

64

0

0

0

0

0.18

0

31.6

2-methyl-3(methoxycarbonyl)-4,5,6,7tetrahydrobenzofur
an

92

0

0

0

0

0.048

0

32.1

syringyl aldehyde

56

0

0

0

0

0.12

0

32.4

1,2,3,4,9,10hexahydro-9,10exo-epoxy-1,4exo-methanoanthracene

56

0

0

0

0

0.059

0

32.5

veratryl acetate

60

0

0

0

0

0.051

0
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32.8

1,4-dimethyl-7methoxy-2,3dihydroindene

93

0

0

0

0

0.057

0

32.9

6-beta-methyl-2propyl-delta-1bicyclo[440]decen-8alpha-ol

68

0

0

0

0

0.061

0

33.0

trans-isomyristicin

45

0

0

0

0

0.055

0

33.4

3-phenyl-2,1benisoxazole

54

0

0

0

0

0.039

0

34.6

hexadecanoic acid,
methyl ester

96

0

0

0

0

0.053

0

35.5

3-(3,4-dimethoxyphenyl)-1propionic acid

90

0

0

0

0

0.040

0

36.4

6-cyclobut-1-enylspiro[2,4] hept-4ene

50

0

0

0

0

0.026

0

38.4

1-octen-3-yne

83

0

0

0

0

0.052

0
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Figures

Figure II-1. 1H NMR spectrum for untreated organosolv poplar lignin (OPL).

148

Figure II-2. Quantitative 13C NMR spectrum of untreated OPL, depolymerized lignin in
MeOH solvent with CuPMO, and depolymerized lignin in DMC/MeOH co-solvent with
CuPMO.
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Figure II-3. Total aromatic and aliphatic compounds in raw products detected by GC-MS
from depolymerized lignin with CuPMO catalyst in MeOH and in MeOH/DMC for 3 h
and 6 h
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Appendix III: Supporting materials for Chapter 4
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Figures.
•

Figure III-1 – III-4. Reconstructed GC chromatogram, reconstructed mass spectrum, and
yield of low MW products from HPMS/HPMIS lignin depolymerization in no catalyst,
MeOH, or MeOH/DMC system over 1-9 h for factors 1-12.
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Table III-1. GPC detected number-average molecular weight (Mn), weighted-average
molecular weight (Mw), and polydispersity index (PDI) of untreated and depolymerized
HPMS lignin in no catalyst, MeOH, and MeOH/DMC systems for 1-9 h.
Table III-2. GPC detected number-average molecular weight (Mn), weighted-average
molecular weight (Mw), and polydispersity index (PDI) of untreated and depolymerized
HPMIS lignin in no catalyst, MeOH, and MeOH/DMC systems for 1-9 h.
Table III-3. GC-MS detected peak assignments in all HPMS/HPMIS lignin
depolymerization products in no catalyst, MeOH, and MeOH/DMC system in 1-9 h.
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Figures.

Figure III-1. Reconstructed GC chromatogram (top left), reconstructed mass spectrum (top right),
and yield of low MW products (bottom) from HPMS/HPMIS lignin depolymerization in no
catalyst, MeOH, or MeOH/DMC system over 1-9 h for factors 1-3. Compounds structural
assignments were based on mass spectral database (600 K edition, Palisade Mass Spectrometry,
Ithaca, NY) searches of the peak with same retention time in original GC chromatogram.
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Figure III-2. Reconstructed GC chromatogram (top left), reconstructed mass spectrum (top right),
and yield of low MW products (bottom) from HPMS/HPMIS lignin depolymerization in no
catalyst, MeOH, or MeOH/DMC system over 1-9 h for factors 4-6. Compounds structural
assignments were based on mass spectral database (600 K edition, Palisade Mass Spectrometry,
Ithaca, NY) searches of the peak with same retention time in original GC chromatogram.
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Figure III-3. Reconstructed GC chromatogram (top left), reconstructed mass spectrum (top right), and yield
of low MW products (bottom) from HPMS/HPMIS lignin depolymerization in no catalyst, MeOH, or
MeOH/DMC system over 1-9 h for factors 7-9. Compounds structural assignments were based on mass
spectral database (600 K edition, Palisade Mass Spectrometry, Ithaca, NY) searches of the peak with same
retention time in original GC chromatogram.
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Figure III-4. Reconstructed GC chromatogram (top left), reconstructed mass spectrum (top right), and
yield of low MW products (bottom) from HPMS/HPMIS lignin depolymerization in no catalyst, MeOH,
or MeOH/DMC system over 1-9 h for factors 10-12.
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Tables.
Table III-1. GPC detected number-average molecular weight (Mn), weighted-average molecular
weight (Mw), and polydispersity index (PDI) of untreated and depolymerized HPMS lignin in no
catalyst, MeOH, and MeOH/DMC systems for 1-9 h. Molecular weights were determined based
on a polystyrene standard calibration curve.
HP MS
Untreated
no catalyst
1h
no catalyst
2h
no catalyst
3h
no catalyst
6h
no catalyst
9h
MeOH 1h
MeOH 2h
MeOH 3h
MeOH 6h
MeOH 9h
MeOH/DMC
1h
MeOH/DMC
2h
MeOH/DMC
3h
MeOH/DMC
6h
MeOH/DMC
9h

Mn
883

Mw
1734

PDI
1.96

625

1038

1.66

461

987

2.14

476

793

1.67

346

671

1.94

280

415

1.48

445
238
236
250
245

745
398
372
443
370

1.67
1.67
1.58
1.78
1.51

223

495

2.22

238

454

1.91

228

491

2.15

231

421

1.82

234

363

1.55

Table III-2. GPC detected number-average molecular weight (Mn), weighted-average molecular
weight (Mw), and polydispersity index (PDI) of untreated and depolymerized HPMIS lignin in no
catalyst, MeOH, and MeOH/DMC systems for 1-9 h. Molecular weights were determined based
on a polystyrene standard calibration curve.
HP MIS
untreated
no catalyst
1h

Mn
2923

Mw
7867

PDI
2.69

480

779

1.62
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no catalyst
2h
no catalyst
3h
no catalyst
6h
no catalyst
9h
MeOH 1h
MeOH 2h
MeOH 3h
MeOH 6h
MeOH 9h
MeOH/DMC
1h
MeOH/DMC
2h
MeOH/DMC
3h
MeOH/DMC
6h
MeOH/DMC
9h

361

732

2.03

430

637

1.48

408

892

2.18

296

463

1.56

298
217
208
228
270

496
377
318
452
417

1.67
1.74
1.52
1.98
1.55

317

771

2.43

241

445

1.85

247

513

2.08

231

441

1.9

266

410

1.54
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Table III-3. GC-MS detected peak assignments in all HPMS/HPMIS lignin depolymerization
products in no catalyst, MeOH, and MeOH/DMC system in 1-9 h. Assignments are based on mass
spectral database searches using the Palisade Complete Mass Spectral Database (600 K edition,
Palisade Mass Spectrometry, Ithaca, NY)
Retention
Number
Compound List
Time (min)
1
hydroxy acetic acid methyl ester
2.21
2
1-propanol
2.267
3
1-butanol
2.385
4
formic acid ethyl ester
2.396
5
2-butanol
2.561
6
2,2-dimethoxy propane
2.7
7
tetrahydro-6,6-dimethyl-2H-Pyran-2-one
2.836
8
1-butanol
2.857
9
3-buten-1-ol
2.965
10
1-ethoxy-2-propanol
3.18
11
2-methoxy ethanol
3.351
12
benzoic acid, 3-pyridyl ester
3.652
13
1,2-butylene glycol
3.845
14
trimethoxy methane
4.296
15
3-methoxy-1-butanol
4.393
16
3-pentanol
4.415
17
3-heptanol
4.457
18
2,2-dimethyoxybutane
4.51
19
2-methylbutan-1-ol
4.682
20
2-(2-methoxyethoxy) ethanol
4.822
21
1,2,3-trimethyl cyclopentene
4.854
22
4-methyl-2-pentanone
5.026
23
1,4-dioxane
5.06
24
toluene
5.423-5.477
25
2-(2-ethoxyethaoxy) ethanol
5.61
26
alpha-methyl-1,4-benzenediMeOH
5.981
27
trans-2,5,5-trimethyl-1,3-hexadiene
6.175
28
isopropyl butanoate
6.42
29
3,5,5-trimethyl cyclohexene
6.475
30
trans-2,5,5-trimethyl-1,3-hexadiene
6.507
31
1,3-dimethyl-2-methylene cyclohexane
6.69
32
methoxy acetic acid, methyl ester
6.883
33
propyl hydrazine
6.905
34
3-hexanol
7.141
35
1,1-dimethoxy ethane
7.13
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36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

1,2-butanediol
5-methyl-3-hexanone
1,1-dimethoxy-2-propanone
methyl dimethoxyacetate
cis-2-methyl-cyclopentanol
2-hexen-1-ol
xylene
5-methyl-2-(1-methylethyl) cyclohexanol
carbamic acid, methyl ester
4-methyl -1-heptene
1-heptyne
1- butanol
vinyl-2-(ethoxy)ethyl ether
2octyl cyclopropanetetradecanoic acid, methyl ester
heptadecane
1,1,3-trimethoxypropane
cyclohexanol
4,5-diethyl-1,2-dimethyl cyclohexene
2,5-dimethyl-2-(1-methylethenyl) cyclohexanone
cyclohexanol
Furfural
1,3-pentadiene
2,3-dimethyl-3-undecanol
1,6-hexanediol
pantolactone
3-hydroxy-3-methylpent-4-enal
3,5-dimethyl cyclohexanol
d-siomenthol
propane
4-pentenal
2-methyl cyclohexanol
2,6-dimethyl-2-heptanol
trans-2-methyl cyclohexanol
4-methyl cyclohexanol
4-methylcyclohexene
methoxy benzene
1-cyclopropyl-2-propen-1-one
isopropenyl allyl acetylene
1.4-cyclohexanediMeOH
1-heptyne
161

7.152
7.227
7.31
7.699
7.946
7.989
8.249-8.281
8.944
9.009
9.127
9.138
9.148
9.32
9.331
9.395
9.535
9.631
9.642
9.653
9.685
10.05
10.157
10.372
10.383
10.48
10.49
10.608
10.63
10.705
10.747
10.834
10.89
11.016
11.145
11.242
11.361-11.414
11.321
11.381
11.457
11.542

76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

trimethoxymethane
butanoic acid, 4-methoxy, methyl ester
2,2-dimethylcyclohexanone
4-methyl-1-heptanol
(S)-2-hexen-4-ol
3-acetyl-2,6-heptanedione
methoxy cyclheptane
3-penten-2-ol
3,4-dimethylcyclohexanol
2,4-dimethylcyclohexanol
4-oxo-5-methoxy-2-penten-5-olide
3-methylpent-2-ene-1,5-diol
4-pentenal
3,3-dimethyl cyclohexanol
2-methyl propanoic acid pentyl ester
1-hexene
1-ethoxy-octane
2-methyl-3-pentanol
E-1,5,9-decatriene
1,2-dimethyl-cyclopent-2-enecarboxylic acid
2-methyl-1-octene
3,3,4-trimethylcyclohexanone
4-pentenal
phenol
1-methoxy-2-methylbenzene
2-heptenal
phenol acetate
2-methyl-2-oxiranyl-cyclobutanone
2-methyl-1-buten-3-yne
1-methoxy-4-methylbenzene
methyl furoate
3-methyl cyclohexene
1,5-heptadiene
1-tetradecanol
15-tetracosenoic acid, methyl ester
2-hexenal
4-pentyn-1-ol
4-oxo-pentanoic acid, methyl ester
2-ethyl hydrazinecarboxylic acid, methyl ester
2-methyl-1-pentene
162

11.56
11.735
11.8
11.811
11.832
12.047
12.122
12.133
12.143
12.24
12.39
12.466
12.466
12.476
12.51
12.906
13.067
13.174
13.271
13.464
13.582
13.593
3.603
13.79
14.012
14.022
14.087
14.108
14.376
14.444
14.473
14.677
14.806
15.01
15.03
15.074
15.106
15.139
15.18
15.214

116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154

1H-pyrrole-2,5-dione
2,3-bis(methylene)-1,4-butanediol
1(2-methylbutyl) cyclopentane
dodecanal
2-ethoxy-2-(2-furyl)ethanol
2-isopropyl-5-methyl-1-heptanol
bis(2-butoxyethyl) ether
2-methyl phenol
4-methyl phenol
butanedioic acid, dimethyl ester
butanedioic acid, dimethyl ester
(2,4,6-trimethylcyclohexyl) MeOH
2-heptyne
3-heptadecenal
3,3,5-trimethyl cyclohexanol
4,4-dimethoxy-butanoic acid, methyl ester
5,5-dimethoxy-3-methyl-2-penten-3-ol
4-methylphenol
2,4-dimethylanisole
2,3-dimethylanisole
4-oxo-pentanoic, ethyl ester
p-cumenol
heptyl isobutyl ketone
3-(1-methylethyl)-phenol
1-methyl-1-(2-methyl-2-propenyl) cyclopentane
3-cyclopropylcarbonyloxydodecane
2-penten-1-ol
2-methyl-2-cyclopenten-1-one
Benzoic acid, methyl ester
2,6-dimethyl phenol
2-methoxy phenol
2-methylene cyclohexanol
3,3-dimethyl-2-methylene-4,7-oxocyclopentane[a]cyclohept-5-ene
5-hexyl-2-furaldehyde
(1,3-dimethyl-2-methylene-cyclopentyl) MeOH
9-octadecen-1-ol
1-dodecanol
3-butyn-1-ol
4-cyclohexyl-3-(methoxycarbonyl)-2-methyl-4butanolide
163

15.41
15.439
15.461
15.482
15.6
15.622
15.76
16.03
16.083
16.126-16.169
16.158
16.255
16.341
16.352
16.577
16.599
16.61
16.695-16.747
16.805
16.846
17.08
17.157
17.189
17.21
17.221
17.297
17.38
17.49
17.576-17.623
17.704
17.741
17.94
18.07
18.112
18.145
18.25
18.37
18.424
18.52

155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194

(trimethyl-butyl)-cyclohexane
1,3-dioxolane-2-MeOH, 2,4-dimethyl
3,4-dimethyl phenol
2,4-dimethylphenol
(methoxymethyl) benzene
8-hydroxyocta-1,2-diene-4-one
(E)-1-(benzyloxy)-2,3-epoxyocatane
1-(2,2-dimethylcyclobutyl)ethanone
1-methyl-3-vinyl-3-cyclohexen-1-ol
1,4,4-trimethylcyclohexa-2-en-1-ol
2-cyclohexen-1-ol, 3,5,5-trimethyl
4-methyl benzeneMeOH
benzoic acid ethyl ester
2-ethenyl-2-butenal
1-methoxy-4-propyl benzene
2-(4-methoxyphenyl)ethanol
1-methyl-6-propyl phenol
7-[(tetrahydro-2H-pyran-2-yl)oxy]-2-octen-1-ol
5-hexyn-1-ol
2-methoxy-4-methyl phenol
(2S,6S)-(2,6-dimethylcyclihexylidene) methanone
1,2-dimethoxy benzene
(2S,4S)-5,5-dimethyl-2,4-hexanediol
4-methoxy-2-methyl phenol
2-ethyl-2,5-dimethylcyclopent-2-enone
2,3,4-trimethyl phenol
2,6-dimethyl-2,4-heptadiene
2-methyl cyclododecanone
4-methyl-2-methoxy phenol
1-furyl-1-ethoxy-ethanol
methyl-4-pentynoate
3,4-dihydroxyacetophenone
4-ethyl-2-methoxy phenol
2,6,6-trimethyl-1-cyclohexene-1-carboxaldehyde
4-hydroxy-benzoic acid methyl ester
5,5-dimethyl-1-propyl-1,3-cyclopentadiene
endo, exo-3,7-dioxatetracyclodeca-9-ene
trans-2-nonadecene
2,3,6-trimethyl phenol
Cis-4-(tetrahydropyran-2-yloxy)cyclohex-2-enol
164

18.63
18.714
18.81
18.853
18.864
18.982
19.09
19.132
19.218
19.422
19.454
19.529
19.561
19.647
19.658
19.701
19.712
19.723
19.776
19.97
20.012
20.023
20.173
20.302
20.313
20.388
20.485
20.506
20.496-20.540
20.657
20.753
20.786
20.807
20.839
21.419
21.891
21.945
20.968
21.419
21.44

195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232

4-propyl phenol
1-formyl-2,2,6-trimethyl-3-cis-(3-methylbut-2enyl)5-cyclohexene
2-(1,1-dimethylethyl)-1,4-benzenediol
2-(4-methoxyphenyl)ethanol
3,4-dimethoxy toluene
2,4,6-trimethyl phenol
3,4-dimethylanisole
5-ethoxymethyl furfural
2,3,5-trimethyl phenol
4 ethyl-4-methyl-2-cyclohexen-1-one
3-ethyl guaiacol
1,4-dimethoxy-2-methyl benzene
1-(2-furanyl)-3-pentanone
2-butynedioic acid, dimethyl ester
2-methoxy benzeneethanol
4-ethyl-2-methoxy phenol
3,4-dimethoxy toluene
4-methoxy acetophenone
4-ethyl-2-methoxy phenol
(2-phenethylcarbamoyl-ethyl)-carbamic acid, benzyl
ester
ethenyl benzene
3,4-diethyl-2,5-dimethyl-2,4-hexadiene
3,5-dihydroxy acetophenone
2,3,5-trimethyl-1,4-benzenediol
4-hydroxy-2,4,5-trimethyl-2,5-cyclohexadien-1-one
4-methoxy-1,2-benzenediol
2 methoxy-1,4-benzenediol
8,8-dimethyl-1,9-diazabicyclo[5.5.0]decane-5,10dione
4-methyl-2-propylphenol
2-methylocta-2,4,6-trienedial
methyl-8-oxooctanoate
2-(2-methyl-2-propenyl)cyclohexanone
1-cyclohexene-1-carboxylic acid
1,4-dimethoxy-2,3-diemthylbenzene
4-ethyl-1,2-dimethoxy phenol
2-methoxy-4-vinylphenol
heptanoic acid
1,4-dimethoxy-2,3-dimethylbenzene
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21.88
21.966
22.106
22.154
22.224-22.275
22.299
22.31
22.4
22.439
22.492
22.503-22.514
22.514
22.535
22.621
22.718
22.747
22.75
22.825
22.943
22.965
23.008
23.029
23.34
23.351
23.383
23.394
23.448
23.566
23.63
23.652
23.759
23.834
24.006
24.188
24.307
24.348
24.5
24.535

233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271

5-Allyl-6-methyl-3,3a,4,6-tetrahydropyrolo[3,4c]isoxazole
2-(3-methyl-2-butenylidene)cyclohexanone
2-methoxy-4-ethyl-6-methyl phenol
2-methoxy-4-propyl phenol
2-methyl-5-(1-methylethyl) phenol
2,3,5,6-tetramethyl phenol
1,2,3-trimethoxy benzene
Cis-1-hydroxy-2-methoxy-4-propenyl benzene
5-methylnicotinic acid
2-methoxy-4-propyl phenol
2-methoxy-4-propyl phenol
1-(3,4-dimethoxyphenyl) ethanone
8-oxa-9-azabicyclo[3.2.2]non-6-ene
cyclotetradecane
cis-1-ethyl-2-methyl cyclopentane
2,3-dimethyl-4-methoxy phenol
5-methoxy-2,3,4-trimethyl phenol
4-(3-hydroxy-1-propenyl)-2-methoxy phenol
hexanoic acid
4-D-2-methyl-3-pentanol
4,4-dimethyl heptanedioic dimethyl ester
3,4-dimethoxy propiophenone
1-(2,4-dihydroxy-3-propylphenyl)ethanone
3,4-dimethoxy propiophenone
1-(2-hydroxy-5-methoxy-4-methylphenyl) ethanone
1,4-dimethoxy-2,3,5-trimethyl benzene
1,2,3-trimethoxy benzene
1,2-dimethoxy-4-n-propyl benzene
2,6 dimethoxy phenol
4-methoxybenzoic acid, methyl ester
3-methoxychromene
5-methoxy-2,3,4-trimethyl phenol
5-hepten-3-yn-2-ol, 6-methyl-5-(1-methylethyl)
1-(2-hydroxy-6-(methoxymethyl)phenyl) ethanone
ethyl-2-methyl-5-cyanopenta-2,4-dienoate
4-(2-methyl-cyclohex-1-enyl)-but-3-en-2-one
2-methoxy-5-(2'hydroxyethyl) phenol
1,2,3-trimethoxy-5-methyl benzene
1,2-dimethyl-2-(1-naphthyl) cyclopropane
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24.543
24.586
24.596
24.852-24.872
24.876
24.994
25.015
25.079
25.187
25.23
25.262
25.283
25.316
25.348
25.4
25.477
25.53
25.595
25.67
25.745
25.83
25.981
25.992
26.014
26.067
26.164
26.196
26.28-26.322
26.538
26.497-26.552
26.679
26.7
26.711
26.829
26.862
26.904
27.055
27.093
27.184

272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308

5-ethyl-1,2,3-trimethoxy benzene
di-t-butyl phenol
8,8-dimethyl-1,9-diazabicyclo[5.3.0]decane-5,10dione
1,2-dimethoxy-4-n-propyl benzene
anisaldehyde dimethyl acetal
1-methyl-2-(phenylmethyl) benzene
2-hydroxy-5-methoxy benzaldehyde
Isopropylidenecyclobutenone
3,4-dimethoxy propiophenone
2-(phenylethynyl) phenol
2-methoxy-4-(1-propenyl) phenol
1-(2,4-dimethoxyphenyl)-1-propanone
3,4-diethoxy benzaldehyde
4-methoxybenzoic acid, ethyl ester
5-methoxy-2,3,4-trimethyl phenol
4-methoxy-2,4,6-trimethyl cyclohexa-2,5-dienone
4-hydroxy-3-methoxy benzaldehyde, vanillin
m-isopropylbenzoic acid
(1,1-dimethylethyl)-4-methoxy-phenol
1,2,3-trimethoxy benzene
2,6-dimethoxy-4-methyl phenol
5-ethyl-1,2,3-trimethoxy benzene
5-ethyl-1,2,3-trimethoxybenzene
3-[3,4-(methylenedioxy)phenyl]propan-1-ol
methyl 3-methoxy-4-methyl benzoate
(5R0-1-methyl-5-(1-methyl-1-ethenyl)2,3diazabicyclo[3.3.0.]octane
1,2-dimethyl-4-(phenylmethyl) benzene
4-hydroxylbenzoic acid, methyl ester
3-hydroxy benzoic acid, methyl ester
methyl-3-(5-acetyl-2-tienyl)-2-propenoate
(2-methoxyethoxy) benzene
4-(1,1-dimethylethyl) benzeneMeOH
homo-vanillin
(4-hydroxy-3-methoxy-phenyl)
actaldehyde
3-isopropyl-1,2-dimethoxybenzene
3,4-dimethoxy benzaldehyde
trans-methyl iso-eugenol
1-(2-ethenyl-1-cyclohexenyl)-2-methyl-2-propen-1ol
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27.194
27.216
27.248
27.463
27.509
27.527
27.699
27.742
27.774
27.785
27.836
27.957
28.021
28.107
28.182
28.204
28.364
28.418
28.547
28.59
28.611
28.676
28.729
28.88
28.901
28.966
29.02
29.152
29.233
29.298
29.417
29.545
29.653
29.717
29.797
29.814
30.05

309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346

1,2,3,4-tetrahydro-9-propyl anthracene
2-ethoxy-3,4,6,7,8,9-hexahydro-8,8-dimethyl-6oxo-2H-chromene
4-ethyl syringol
tert-butyl biphenyl carboxylic acid
3-propyl-1,2,4-trimethoxy benzene
1-(4-hydroxy-3-methoxyphenyl)
ethanone,
acetovanillone
methyl 3-(5-formyl-2-furyl_)-2-propenoate
3,4-dimethoxy benzeneacetic acid
3-(3,4-dimethoxyphenyl) propionic acid
4-hydroxybenzoic acid, methyl ester
1,3-dimethoxy-2-(prop-2-enyl) benzene
4-hydroxy-3-methoxybenzoic acid, methyl ester
propio-syringone
3,5-bis(1-methylethyl) phenol
2-methoxy benzoic acid ethyl ester
4-(ethoxymethyl)-2-methoxy phenol
2-hydroxy-5-methoxy benzaldehyde
Homovanillyl alcohol
2-methoxy-4-propyl-phenol
3,4-diethoxy benzaldehyde
2-(2,5-dimethoxy-phenyl) propionaldehyde
3,4-diethoxy benzaldehyde
4-vinyl syringol
2-acetyl-3,6-dimethyl benzoic acid
4-propyl syringol
syringyl aldehyde
3-methoxybenzyl-2,2-dimethyl propanoate
ethyl vanillate
1-(2,5-dimethoxy-4-methylphenyl)-2-propanone
trans-isoelemicin
1,2,3-trimethoxy-5-(2-propenyl) benzene
2,6-dimethoxy-4-(2-propenyl) phenol
3-(3,4-dimethoxyphenyl) propionic acid
2,2-dimethoxyethoxy benzene
3-(3,4-dimetoxyphenyl)propionic acid
(7,7-dimethyl-1-oxo-2,3,4,5,6,7-hexahydro-1Hinden02-yl)acetic acid, ethyl ester
benzofuran-4(5H)-one, 6,7-dihydro-, oxime
4-hydroxy-3-methoxy benzoic acid, methyl ester
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30.173
30.19
30.2
30.254
30.28-30.332
30.393
30.404
30.415
30.479
30.594
30.683
30.701
30.768
30.823
30.941
30.995
31.199
31.287
31.338
31.349
31.36
31.392
31.692
31.821
31.864
31.908
31.918
31.982
32.047
32.058
32.111
32.197
32.294
32.336
32.347
32.42
32.433
32.476

347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383

2-(2,4,5-trimethylphenyl)propylene oxide
4-hydroxy-3-methoxy propiophenone
3,4-dimethoxy benzoic acid, methyl ester
2-(1,1-dimethyl-2-propenyl)-3,6-dimethyl pehnol
3,4-dimethoxybenzoic acid, methyl ester
2-phenoxyethyl-beta-pehnylpropionate
2,6-dimethoxy benzoic acid, methyl ester
1,2,4-triethyl-5-methyl benzene
methyl syringate
3,4-dimethoxy benzaldehyde
6-methoxy-2,2-dimethyl-1-indanone
(2,2-dimethoxyethyl) benzene
trans-4-propenyl syringol
alpha, 4-dihydroxy-3-methoxy benzeneacetic acid
methyl ester
3,4-dimethoxy benzeneacetic acid
4-hydroxy-3-methoxy-benzeneacetic acid
coniferyl alcohol
o-Methylmaleimycin
2-(2-formylvinyl)azulene-1-carbaldehyde
2,2-diphenylpropionic acid
dimethyl
4-(2'-furyl)-1-methyl-2,3-dihydro-1Hindole-6,7-dicarboxylate
4-[(4-hydroxy-3-methoxyphenoxy)methyl)]-3methoxybenzaldehyde
4-hydroxy-3-methoxy-phenylacetylformic
8-(biphenyl-2-ylmethyl)-5-ethyl-2,3,5,6tetrahydroimidazo[1,2-a] pyridine
tridecanoic acid, methyl ester
14-methyl-pentadecanoic acid, methyl ester
2,6-dimethoxy-4-(2-propenyl) phenol
3-(3,4-dimethoxyphenyl)-1-propanol
3,4-dimethoxy benzenepropanol
3,4-dimethoxy benzenepropanoic acid, methyl ester
3,4-dimethoxy benzenepropanoic acid, methyl ester
syringaldehyde
hexadecanoic acid, ethyl ester
3,4,5-benzoic acid, methyl ester
2,5-dimethoxybenzoic acid
4-hydroxy-3,5-dimethoxy benzaldehyde
2-ethyldiphenyl methane
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32.573
32.585
32.734
32.734
32.767
32.809
33.077
33.142
33.163
33.303
33.313
33.464
33.496
33.555
33.603
33.883
33.916
33.979
34.022
34.086
34.183
34.263
34.301
34.333
34.398
34.441
34.678
34.795
34.842
35.246
35.299
35.309
35.568
35.611
35.74
35.793
36.029

384
385
386
387
388
389
390
391
392
393
394
395
396
397

methyl-2-oxo-1-propyl cycloheptanecarboxylate
1-(4-hydroxy-3,5-dimethoxyphenyl) ethanone
(2,2-dimethoxyethyoxy) benzene
(3-methoxyphenyl) carbamic acid, methyl ester
3-(2,3,4-trimethoxypehnyl)propionic acid
alpha, hydroxy-3-methoxy benzeneacetic acid,
methyl ester
(Z)-7-phenyl-1,4-heptadien-6-yne
4-hydroxy-3,5-dimethoxybenzoic acid, methyl ester
syringyl acetone
Octadecanoic acid, methyl ester
2,5-dimethoxy benzoic acid
2,2-dimethoxyethoxy benzene
ethyl 4-hydroxyphenylcarbamate
o-2-benzimidazolyl phenol
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36.094
36.652
36.695
36.802
36.845
37.017
37.168
37.305
37.386
38.048
38.155
38.23
38.4
38.584

Appendix IV: Supporting materials for Chapter 5
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Figure IV-1. 1H-NMR spectrum for phenyl acetate in chloroform-d.
Figure IV-2. 1H-NMR spectrum for 1-(4-hydroxyphenyl)ethan-1-one in chloroform-d.
Figure IV-3. 1H-NMR spectrum for brominated monomer in chloroform-d.
Figure IV-4. 1H-NMR spectrum for low MW polymer in DMSO-d6.
Figure IV-5. GPC chromatogram of synthetic low/high MW polymers.
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Figures

Figure IV-1. 1H-NMR spectrum for phenyl acetate in chloroform-d.
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Figure IV-2. 1H-NMR spectrum for 1-(4-hydroxyphenyl)ethan-1-one in chloroform-d.
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Figure IV-3. 1H-NMR spectrum for brominated monomer in chloroform-d.
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Figure IV-4. 1H-NMR spectrum for low MW polymer in DMSO-d6.
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Figure IV-5. GPC chromatogram of synthetic low/high MW polymers.
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